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ABSTRACT 
Atom probe tomography (APT) is a 3D analytical technique that provides the 
elemental composition of materials at sub-nanometre resolutions. Although 
originally developed for material science applications, recent advances in APT 
technology has expanded the applicability to other disciplines, including geological 
samples. The high spatial resolution of APT opens new avenues of geochemical 
studies. The few APT studies conducted on zircon have focussed on the 
nanogeochemistry and nanogeochronology of standards, igneous and metamorphic 
grains. However, the current applications of APT with zircon grains are limited with 
no systematic studies conducted on complex grains. This project is aimed at further 
developing APT techniques to zircon through the novel application of APT to 
meteoritic, altered and shocked zircon grains. 
Microscale zircon grains from the Bunburra Rockhole meteorite were 
analysed using APT to better understand the origin and formation history of the 
meteorite. The APT geochemical results suggested a similar source melt for the 
different clast that made up the meteorite. This data was later used to discern 
between the parent body of Bunburra Rockhole and the asteroid 4 Vesta. 
An altered zircon from the Lalla Rookh Sandstone formation was analysed 
with APT to understand the composition of the hydrothermal alteration zones. The 
nanogeochemistry of the grain showed a high concentration of trace elements in 
metamict areas, Pb clusters in crystalline areas, and it revealed a connection between 
the U, radiation damage and APT specimen yield. The APT data was also used to 
confirm the age of the metamorphic event that affected the grain. 
The use of APT in shocked zircons from the Stac Fada impact structure 
(Scotland) provided evidence of trace element mobility associated with the zircon-to-
reidite transformation. These results were used to develop a new model for the phase 
transformation that includes the martensitic transformation and short-range diffusion 
components that occurs during an impact event. 
This PhD project has developed new applications for APT in the analysis of 
complex zircon grains and provides a basis and lessons learnt for further nanoscale 
geochemical and geochronological studies. The project results offer an improved 
understanding of how APT may be applied to certain complex grains and provides a 
framework for new geological applications and to other minerals. 
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Chapter 1 INTRODUCTION AND OVERVIEW 
 
Background 
Atom probe tomography (APT) is a three-dimensional (3D) analytical 
technique that works through the field evaporation of ions from a nanoscale needle-
shaped specimen to a position-sensitive detector, offering the chemical composition 
and position of each detected ion (Fig. 1.1) (Gault et al., 2012; Larson et al., 2013). 
Field evaporation is caused by the ionisation and desorption of surface atoms from 
the tip of the specimen by an electric field (Müller, 1956; Gault et al., 2012). This 
process is initiated by applying a high voltage to the specimen that creates an electric 
field close to the threshold of what is needed for the atoms to evaporate, and either 
voltage pulses (voltage-pulse mode) or ultra-violet (UV) laser pulses (laser-assisted 
mode) to the apex of the specimen. For non-conducting geological samples (e.g. 
zircon), the laser-assisted mode is used.  
The exact mechanics of the field evaporation process for non-conducting 
materials remains a subject of on-going research (Miller and Forbes, 2014; Karahka 
and Kreuzer, 2015). Increasing the electric field reduces the energy barrier of the 
atoms, while increasing the temperature contributes thermal energy that allows atoms 
to hop over the energy barrier (Fig. 1.2) (Miller and Forbes, 2009; Gault et al. 2012). 
This results in the atoms transitioning to a lower energy state and detaching from the 
surface of the specimen. The electric field and the temperature of the specimen 
controls the evaporation rate of the atoms. In the voltage-pulse mode, the voltage 
pulses can briefly increase the electric field, while in the laser-assisted mode, the 
laser pulses increase the thermal energy, hence the temperature of the specimen. 
Once the ions are released, they are accelerated toward the detector by the electric 
field, which records the ions evaporation sequence and hit position (X, Y).  
Aside from the physical and chemical properties of the analysed material, the 
APT acquisition parameters influence the yield of the specimen and the quality of the 
APT data. The main parameters for non-conductive samples (laser-assisted mode) 
are the specimen base temperature (K), the laser pulse energy (pJ), laser pulse 
frequency (kHz) and the targeted detection rate (ions/pulse). Larson et al. (2013) 
provides information on the considerations, quality of data and the trade-offs of the 
different parameters, and these are briefly summarised here. In the laser-assisted 
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mode, the specimen base temperature affects the mass resolving power (MRP) and 
the background noise. An increase in the base temperature would produce a better 
specimen yield, while a lower temperature would improve the spatial resolution. 
Increasing the laser pulse energy would lower the required electric field and thus the 
stress on the specimen, increasing the MRP and decreasing the background noise, 
resulting in a better specimen yield. On the other hand, a lower laser pulse energy 
would improve the spatial resolution. For the laser pulse frequency and the detection 
rate, higher values are preferred. However, if ions with a long time-of-flight (ToF, 
time from the pulse to the detection) are not being detected within the pulse or the 
sample tends to result in a low yield, these parameters are lowered. Details on the 
optimisation of these parameters for geological samples can be found in Reddy et al. 
(2020). 
Besides the base temperature, the other three parameters can be readjusted 
during the first stages of the acquisition process. Once the acquisition process is fully 
automated, the software maintains the detection rate by adjusting the applied voltage 
on the specimen to keep the surface electric field at the threshold level. A simple 
formula to express the surface electric field (E) on the specimen is represented by: 
𝐸 =  𝑉 𝑘𝑅⁄  
where V is the applied voltage, R is the radius of the tip of the specimen and k is a 
geometric field reduction factor constant (Gomer, 1994). As the acquisition proceeds, 
the radius of the tip of the specimen increases due to the removal of material, 
resulting in a decrease in the electric field, thus a decrease in the detection rate of the 
ions. Once the software detects this, it increases the applied voltage to maintain the 
targeted detection rate and the electric field at the threshold level. The acquisition 
process ends when the user-defined number of ions or the maximum voltage has 
been reached. Another way to end the process is by the premature fracture of the 
specimen, or specimen failure, due to the field-induced high stress on the tip. 
After the acquisition, the data is processed and reconstructed into a 3D 
representation in real space (x,y,z) of the analysed volume from the specimen. The 
spatial reconstruction involves converting the hit position (X, Y) in the detector into 
real-space coordinates (x,y; lateral coordinates) with a direct reverse-projection 
model, producing a virtual spherical cap that represents the specimen. The depth 
direction (z) is determined by back projecting the sequence of evaporation of the 
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detected ions. Certain information of the specimen and the sample material needs to 
be known beforehand to obtain an accurate reconstruction (e.g. the specimen radius 
and the mean atomic density of the sample). 
The traveling distance (flight path) and the ToF of the detected ion are used 
to determine its mass-to-charge ratio. The resulting histogram, or the mass spectrum, 
is a series of signal peaks that is later calibrated by the user to determine the identity 
of the single (or molecular) ions. The chemical identification process (mass spectrum 
ranging) requires the user to relate a peak to an ion, along with picking out the lower 
and upper limits of the range. Once the reconstruction process is completed, the user 
can investigate the composition and the structure of the specimen from the 3D image.  
The use of APT has grown since its development (refer to Figure 2 in Reddy 
et al., 2020). APT derived from the field electron emission microscope (FEEM) was 
developed in 1935 by Erwin Müller (Larson et al., 2013). The technique has since 
evolved into what is now known as APT (Table 1.1), with the most common system 
being the local electrode atom probe (LEAP) (Kelly et al., 2004; Kelly and Larson, 
2012; Larson et al., 2013). This type of atom probe system uses a local electrode 
(Fig. 1.1) to enhance and localise the electric field on the specimen, allowing field 
evaporation at lower voltages (Kelly et al., 1996). In addition, the introduction of the 
local electrode allowed for a higher mass resolution across an increased field of view 
and an increased data collection rate (Kelly et al., 2004; Larson et al., 2013). 
The commercialisation of the laser-pulsed LEAP allowed the scientific 
community to analyse non-conducting geological material, resulting in an increasing 
development of APT in geosciences. The general technical capabilities of APT for 
geological samples are a mass resolving power ~1000 (the instruments ability to 
distinguish between two peaks), a field of view of 100x100x1000 nm, a detection 
limit of ~10 ppm and a high spatial resolution of ~1 nm (Fig. 1.3) (Reddy et al., 
2020). APT is a technique that can analyse a small volume (< 0.02 µm3) (Reddy et 
al., 2020), offering the location and identification of the atoms. In addition, APT can 
provide new geochemical and geochronological information that has not been 
previously recorded due to low resolutions of conventional techniques, small sample 
area (grain size) or small regions of interest (microstructures and complicated 
textures in the grain).  
Incorporating APT into the common analytical workflow can result in the 
discovery of geological processes that have disturbed the grain (Valley et al., 2014; 
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Peterman et al., 2016; Fougerouse et al., 2019), findings of new mechanisms 
associated with the grains chemistry (e.g. Piazolo et al., 2016; Reddy et al., 2016; 
Dubosq et al., 2019; Montalvo et al., 2019; Peterman et al., 2019), or in the discovery 
of new micro and nanostructures (Weber et al., 2016; Cao et al., 2019) that shed light 
on the grain formation. For example, combining APT analysis with transmission 
electron microscopy (TEM) analysis has already proven useful for studying and 
linking the chemistry and structure of a sample (Gin et al., 2017; Rout et al., 2017; 
Montalvo et al., 2019; Seydoux-Guillaume et al., 2019). When these two techniques 
are used together, APT offers the location, chemistry and isotopic composition of the 
sample, while TEM offers structural information (e.g. microstructure, defects, 
porosity). 
A series of macro and microscale investigations need to occur prior the APT 
nanoscale study. For example, to identify targeting areas for the APT study, 
techniques like scanning electron microscopy (SEM) imaging, electron backscatter 
diffraction (EBSD), cathodoluminescence (CL), time-of-flight secondary ion mass 
spectrometer (ToF-SIMS) and nanometre scale secondary ion mass spectrometer 
(NanoSIMS) can be used. Transmission Kikuchi diffraction (TKD) mapping on the 
APT specimens can offer crystallographic information, aiding in the mineral 
identification and providing the crystallographic misorientation of the specimen. 
Furthermore, APT is a destructive technique that requires a complex sample 
preparation. Overall, the advantages of APT surpass its limitations, which makes it 
an important complementary technique to conventional analytical methods 
conducted on geologic samples, and in the case of this project, to the characterisation 
of zircon (ZrSiO4) grains. 
Zircon is a common accessory mineral found in igneous, sedimentary and 
metamorphic crustal rocks. The ability of zircon to incorporate trace and rare 
elements, including radioactive elements, makes it a valuable geochemical repository 
for examining the conditions and processes of crustal evolution. Because of this, 
zircon grains, both natural and synthetic, have been studied extensively with several 
analytical techniques, including but not limited to the techniques in Fig. 1.4 (Table 
1.2). Depending on the type of investigation, whether geochemical, geochronological 
or microstructural, various techniques with different spatial resolutions can be 
implemented, each containing their own advantages and limitations. Incorporating 
APT to the standard analytical workflow offers the possibility to analyse the 
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geochemistry and geochronology of a sample at the nanoscale. In addition, this 
information can be correlated to the micro and macroscopic features seen on the 
grains offering insights of the geological processes. 
Table 1.1 Predecessors of atom probe instruments 
FEEM 
Field electron 
emission 
microscope 
Developed in 
1935 
E. W. Müller (Larson et al., 
2013) 
FIM 
Field ion 
microscope 
1st image in 
1951 
E. W. Müller (Larson et al., 
2013) 
APFIM 
Atom probe field 
ion microscope 
1st 1D atom 
probe 
Developed in 
1967 
J. A. Panitz, S. Brooks 
McLane and G. L. Fowler with 
E. W. Müller’s supervision 
(Müller et al., 1968) 
IAP 
Imaging atom 
probe 
3D atom probe 
(series of 2D 
maps) 
Developed in 
1972 
J. A. Panitz (Panitz, 1973) 
PLAP 
Pulsed-laser atom 
probe 
Semiconductors 
could be 
analysed  
Developed 1979 
GL. Kellogg and T.T. Tsong 
(Kellogg and Tsong, 1980) 
Mapping atom 
probe 
3D atom probe 
Developed in 
1986 
M. K. Miller (Miller, 1986)
PoSAP 
Position sensitive 
atom probe 
3D atom probe 
Developed in 
1988 
A. Cerezo, T.J. Godfrey and
G.D.W. Smith (Cerezo et al.,
1988) 
Tomographic 
atom probe 
3D atom probe 
Developed in 
1989 
A Bostel, D. Blavette, A. 
Menand and J.M. Sarrau 
(Bostel et al., 1989) 
SAP 
Scanning atom 
probe 
3D atom probe 
Developed in 
1994 
O. Nishikawa (Nishikawa and
Kimoto, 1994) 
LEAP 
Local electrode 
atom probe 
3D atom probe 
minerals 
Developed from 
1993-2001 Millennium Instruments/Imago 
Scientific Instruments (Larson 
et al., 2013) 
1st commercial 
laser-pulsed AP 
in 2006 
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Table 1.2 Historical uses of different techniques on zircon grains 
Technique classification Year First publication 
TIMS analytical 
bulk isotopic 
analysis 
1955 
Tilton et. al, 1955, Isotopic composition and 
distribution of lead, Uranium, and Thorium 
in a Precambrian granite 
XRD analytical 
bulk structural 
analysis 
1963 
Silver and Deutsch, 1963, Uranium-lead 
isotopic variations in zircons: a case study 
EMP analytical chemical mapping 1964 Marvin and Klein, 1964, Meteoritic Zircon 
TEM imaging 
sub-µm imaging 
/structural analysis 
1966 
Bursill and McLaren, 1966, Transmission 
electron microscope study of natural 
radiation damage in zircon (ZrSiO4) 
SEM imaging sub-µm imaging 1974 
Neves et. al, 1974, High hafnium members 
of the zircon-hafnon series from the granite 
pegmatites of Zambézia, Mozambique 
Raman analytical chemical bonding 1970 
Griffith, 1970, Raman studies on rock-
forming minerals. Part II. Minerals 
containing MO3, MO4, and MO6 groups 
CL imaging grain scale imaging 1976 
Ono, 1976, Chemistry and zoning of zircon 
from some Japanese granitic rocks 
SHRIMP analytical 
µm-scale isotopic 
analysis 
1983 
Compston and Williams, 1983, U-Pb 
Geochronology of Zircons from Breccia 
73217 Using a Sensitive High Mass-
Resolution Ion Microprobe (shrimp) 
Analytical 
TEM 
analytical/ 
mapping 
sub-µm chemical 
/structural analysis 
1992 
McComb et. Al, 1992, Qualitative 
interpretation of electron energy-loss near-
edge structure in natural zircon 
LA-ICPMS analytical 
µm-scale chemistry 
/isotopic analysis 
1993 
Feng et.al 1993, Lead geochronology of 
zircon by LaserProbe-inductively coupled 
plasma mass spectrometry (LP-ICPMS) 
EBSD mapping 
microstructural 
analysis 
2005 
Ma and Rossman, 2005, Microanalysis of 
hafnian zircon 
NanoSIMS 
analytical/ 
mapping 
sub-µm chemistry 
/isotopic analysis 
2005 
Stern et. Al, 2005, Ion microprobe 
(NanoSIMS 50) Pb-isotope geochronology at 
<5μm scale 
ToF-SIMS 
analytical/ 
mapping 
sub-µm chemistry 
/isotopic analysis 
2007 
Meredith, 2007, An investigation of 
chemical mobility and variability within a 
metamict zircon from the Georgeville 
Granite, Nova Scotia, using ToF-SIMS 
APT 
analytical/ 
mapping 
sub-nm chemistry 
/isotopic analysis 
2014 
Valley et. Al, 2014, Hadean age for a post-
magma-ocean zircon confirmed by atom-
probe tomography 
TKD mapping 
sub-µm structural 
analysis 
2015 
Reddy et al. 2015, Precambrian reidite 
discovered in shocked zircon from the Stac 
Fada impactite, Scotland 
  
7 
Rationale 
Limited published work exists on APT studies of natural geological zircon 
grains (~15 thus far). The few published studies have focused on standards (reference 
material), igneous and metamorphic zircon grain (e.g. Valley et al., 2014; Peterman 
et al., 2016; Exertier et al., 2018; Saxey et al., 2018; Moser et al., 2019). A 
comprehensive study using APT on complex zircon grains has not been conducted. 
This Ph.D. project aims to further develop the use of APT on complex zircon 
grains from different environments, with varying deformation characteristics and 
radiation damage. New applications of this technique include studying the 
geochemistry and geochronology of µm zircon grain from a meteorite, hydrothermal 
altered zones of a few microns, and phase transformations in shocked zircon grains. 
 
Thesis structure 
This thesis is composed of three individual chapters (Ch. 2-4) in the form of 
manuscripts for publication, and three additional chapters. Chapter 1 introduces the 
main points of the project, chapter 5 explores the effectiveness of APT analyses on 
zircon grains that have been deformed by shock metamorphism and chapter 6 
concludes with the main findings of the project. The arrangement of the three main 
chapters is based on the complexity of the zircon grains analysed, from least to most 
complex grains. Chapter 4 has been published in Chemical Geology (Montalvo et al., 
2019), while the other two (Ch.2,3) are nearing submission to Meteoritics and 
Planetary Science and Chemical Geology journals, respectively. 
Chapter 2 was primarily written by the lead author of this manuscript in 
collaboration with Steven Reddy, Gretchen Benedix, David Saxey, William Rickard 
and Denis Fougerouse. The chapter focusses on the geochemistry of zircon grains 
from the Bunburra Rockhole meteorite. The aim of this research was to analyse 
micrometre zircon grains that have not been studied previously due to the spatial 
limitations of conventional techniques using APT. The geochemical information 
obtained from the grains with APT offered a more comprehensive understanding of 
the origin and formation of the grains and the parent body. It was also hoped that the 
Pb isotopic composition of the grains would provide age constraints on different 
meteoritic components. However, the zircon grains proved to be low in U, and 
therefore radiogenic Pb, and isotopic data could not be constrained. 
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Chapter 3 was written by the lead author of this manuscript in collaboration 
with Steven Reddy, David Saxey, William Rickard, Denis Fougerouse, Thorsten 
Geisler, Tim Johnson, Chris Kirkland and Alexander Webb. This chapter focused on 
an altered zircon grain from the Lalla Rookh Sandstone formation on the Pilbara 
Craton, Western Australia. This grain shows evidence of fluid alteration in its 
internal structure. APT was used to obtain the geochemistry of different regions 
within the convoluted textures for comparison. By combining APT with other 
techniques (SHRIMP, TEM, CL and SEM imaging), two events were found to have 
altered the grain. A crystallization age of 3.5 Ga was obtained for the grain, with a 
3.3 Ga metamorphic event forming the core-rim structure and causing Pb mobility 
and clustering. A younger hydrothermal event is believed to have caused the 
convoluted textures seen in the rim, along with the enhancement of U through 
fractures. In addition, it was identified that the APT specimen yield was affected by 
the amount of radiation damage and defects the different regions contained. 
Chapter 4 was written by the lead author of this manuscript in collaboration 
with Steven Reddy, David Saxey, William Rickard, Denis Fougerouse, Zakaria 
Quadir and Tim Johnson as co-authors. This chapter was published in Chemical 
Geology (Montalvo et al., 2019) and focused on the mechanisms and the 
geochemistry associated with the zircon-reidite transformation. When looking at the 
zircon grains with reidite lamellae, the interfaces were found to be enriched in trace 
elements with a heterogeneous distribution. The distribution of trace elements was 
found to be associated with the microstructures present at the interface (e.g. quasi-
periodic structures, dislocations and amorphous features). The geochemical data 
obtained revealed a connection between trace element mobility to the reidite lamellae 
formation, which was later used to propose a new model for the transformation of 
zircon to reidite lamellae. 
Chapter 5 was written by the lead author of this research. This chapter 
detailed the distribution of trace elements in shocked zircon, the limitations of 
several techniques for shocked zircon analysis and it summarises the recorded 
contribution of sample integrity on the yield of the APT specimen, with an emphasis 
on crystallinity, deformation and amount of radiation damage. Shocked zircon grains 
from the Stac Fada ejecta deposit were analysed with APT as these grains had 
different textures, microstructures, uranium concentration and radiation damage, 
proving to be the perfect sample suite for the study.  
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Figures 
 
Figure 1.1 Schematic diagram of a local electrode atom probe, the mass spectrum 
of a zircon sample with peaks identified and 3D APT reconstructions of major and 
trace elements identified in the zircon sample. 
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Figure 1.2 Potential energy curve diagram of an ion at the surface of the APT 
specimen. Dashed black line represents the energy curve when there is no electric 
field (E) applied, orange represents when the electric field is Ea and blue is when the 
electric field is Eb (higher than Ea). The energy barrier of each energy curve is 
depicted by Q. Modified from Reddy et al. (2020).  
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Figure 1.3 Analytical lateral resolution and the detection limit of several 
techniques used for geochemical and geochronological studies. Modified from 
Reddy et al. (2020). APT = atom probe tomography, NanoSIMS = nanometre scale 
secondary ion mass spectrometer, ToF-SIMS = time-of-flight secondary ion mass 
spectrometer, Dynamic SIMS = dynamic secondary ion mass spectrometer, LA-
ICPMS = laser ablation inductively coupled plasma mass spectrometry, EPMA= 
electron probe micro-analyser, STEM-EDS = scanning transmission electron 
microscopy - energy dispersive X-ray spectroscopy, EELS = electron energy loss 
spectroscopy, Auger = auger electron spectroscopy, SEM EDS = scanning electron 
microscopy - energy dispersive X-ray spectroscopy, Raman = raman spectroscopy, 
XPS = X-ray photoelectron spectroscopy, FTIR = Fourier-transform infrared 
spectroscopy, XRF = energy dispersive X-ray fluorescence spectroscopy, and RBS = 
Rutherford backscattering spectrometry. 
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Figure 1.4 Outline of some of the imaging, mapping and analytical techniques 
commonly used in zircon studies. The techniques are arranged by the approximate 
time they were first used to study zircon grains. Details are in Table 1.2.  
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Abstract 
The Bunburra Rockhole meteorite is a brecciated, basaltic achondrite 
originally classified as a eucrite derived from the asteroid 4 Vesta. It comprises three 
distinct textural domains defined by grain size variations. The domains have similar 
mineralogy comprising plagioclase and pyroxene as the major phases, with minor 
amounts of silica, sulfides, ilmenite, chromite, phosphates and zircon. To date, 
detailed geochemical analysis of the zircons has been hindered by the difficulty in 
analysing micrometre-scale size grains with conventional techniques. This study uses 
atom probe tomography, a technique capable of nanoscale geochemical analyses, to 
characterise the trace element compositions of individual zircon grains from the 
meteorite to better understand the formation and evolution of the parent body. The 
exclusive, high precision chemical analysis of these zircon grains has enabled for the 
first time their provenance to be studied and compared to other extra-terrestrial 
bodies. The results suggest the zircon grains from each textural domain came from a 
similar source melt, with a comparable trace element distribution to eucrite zircon 
grains. However, the Y/P ratio differed to eucrites, supporting earlier speculations 
that Bunburra Rockhole was not derived from the asteroid 4 Vesta. 
 
Keywords: zircon, Bunburra Rockhole meteorite, atom probe tomography  
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Introduction 
Zircon (ZrSiO4) is an accessory mineral used in meteoritic studies for 
retrieving information on the conditions of the early solar system that would 
otherwise be difficult to obtain. Some examples include calculating formation ages, 
understanding the evolutionary history of regolith and meteorites, constraining the 
thermal history of their sources, and further defining the initial isotopic composition 
of the solar system (e.g. Ireland and Wlotzka, 1992; Misawa et al., 2005; Moser et 
al., 2013; Haba et al., 2014; Roszjar et al., 2014; Iizuka et al., 2015; Bouvier et al., 
2018). However, zircon grains are generally rare in extra-terrestrial materials due to 
the low concentrations of Zr in the solar system, with chondrites containing on 
average, less than 8 ppm Zr (Marvin and Klein, 1964; Anders and Grevesse, 1989; 
Lodders, 2003; Münker et al., 2003). In basaltic eucrites, which have the highest 
concentration of Zr (up to 65 ppm), the common grain size of zircon grains is only a 
few microns (e.g. < 10 µm in Roszjar et al., 2014). 
The Bunburra Rockhole meteorite was recovered from the Nullarbor Desert 
in Australia as the first sample recovered by the Desert Fireball Network (Bland et 
al., 2009). The recovered mass was 324 g, with an estimated original mass of 22 kg 
(Bland et al., 2009; Weisberg et al., 2009). The meteorite is a brecciated, basaltic 
achondrite that consists of anorthitic plagioclase and clinopyroxene, with minor 
amounts of silica, and traces of sulphides, phosphates, ilmenite, chromite and zircon 
(Bland et al., 2009; Jourdan et al., 2014; Spivak-Birndorf et al., 2015). Previous 
studies have identified three distinct textural domains based on grain-size and these 
are referred to as fine-grained (FG), medium-grained (MG), and coarse-grained (CG) 
domains (Bland et al., 2009; Spivak-Birndorf et al., 2015; Benedix et al., 2017). In 
general, the MG and CG domains have a subophitic texture, while the FG inclusions 
can be subophitic or granoblastic in nature (Spivak-Birndorf et al., 2015). 
Based on its texture and composition, the Bunburra Rockhole meteorite was 
originally classified as a eucrite (Weisberg et al., 2009), a Ca-rich pyroxene-
plagioclase achondrite that belongs to the howardite, eucrite, and diogenite meteorite 
grouping (collectively called HED). HED meteorites are considered to originated 
from the asteroid 4 Vesta (Binzel and Shui, 1993; Takeda, 1997; McSween, 1999; 
Hutchison, 2006; McSween Jr et al., 2013). However, the inferred orbital trajectory 
of the Bunburra Rockhole parent body is an Aten-type asteroid orbit with semimajor 
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axes of < 1 AU (Bland et al., 2009; Spurný et al., 2012). This contrast the 2.15 and 
2.57 AU semimajor axes of asteroid 4 Vesta (Rayman and Mase, 2014), placing the 
entire orbit of 4 Vesta within the main asteroid belt and well outside the Bunburra 
Rockhole parent body orbit. In addition, the oxygen isotope ratio of Bunburra 
Rockhole (Δ17O = –0.112 ± 0.042‰, 2σ) (Bland et al., 2009; Benedix et al., 2017) 
falls out of the HED parent body fractionation line (Δ17O = –0.242 ± 0.016‰, 2σ) 
(Scott et al., 2009), and ε54Cr values (–0.37  0.11 and –0.35  0.08) (Benedix et al., 
2017) also diverge from eucritic compositions (–0.72  0.02) (Trinquier et al., 2007). 
A 26Al/26Mg age of 4565  0.7 Ma, obtained from pyroxenes and plagioclases 
within the CG domain is believed to represent the extraction age of the parent melt of 
Bunburra Rockhole from a chondritic reservoir (Spivak-Birndorf et al., 2015). 
Disturbances of Mg and Pb isotopes have been interpreted to reflect an impact-
related thermal event at 4102  24 Ma (Spivak-Birndorf et al., 2015). Argon isotope 
data collected from whole rock chip fragments (~250 µm in diameter) of the FG and 
CG domains record a further range of younger ages (3640  21, 3544  26, and 3419 
 23 Ma) that have been interpreted to represent the effects of various impacts on the 
parent rock. These impact events are considered to be responsible for juxtaposing the 
different textural components of Bunburra Rockhole and welding them together 
(brecciation event) (Jourdan et al., 2014). A cosmic-ray exposure age of ~22 Ma 
calculated from 38Ar concentrations in Bunburra Rockhole is inferred to represent the 
time of launch of the meteoritic material from the parent body (Welten et al., 2012; 
Jourdan et al., 2014). 
Despite the work so far undertaken on Bunburra Rockhole meteorite, zircon 
grains reported within the different domains of the meteorite have not been studied 
(Benedix et al., 2017). In part, this reflects the difficulties in analysing micrometre-
scale zircon grains with geochemical techniques that typically have much larger 
analytical volumes than the analysed grains. In this study, atom probe tomography 
(APT), a technique in which specific sub-µm3 volumes can be extracted and 
precisely analysed, is used to analyse the trace element composition of micrometre-
scale zircon grains from the different textural domains of the meteorite. The aim of 
this study is to obtain and compare the chemistry of zircon grains from each textural 
domain and to determine the differences with zircon compositions derived from 
eucrite samples reported in the literature. The results provide further constraints on 
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the formation and evolution of the parent meteorite and illustrate the potential for 
nanoscale analyses of meteoritic materials by APT. 
 
Methods 
The polished petrographic thin section, previously studied by Spivak-
Birndorf et al. (2015), and containing the three, previously described textural 
domains (Fig. 2.1) was used in this study. The thin section was polished 60 nm 
colloidal silica, cleaned and sputter-coated with a 3 nm layer of carbon. A Tescan 
MIRA3 Field Emission Scanning Electron Microscope (FESEM) housed at the 
Microscopy and Microanalysis Facility of the John de Laeter Research Centre, 
Curtin University was used for sample characterisation prior to atom probe analysis.  
Secondary electron (SE) and backscatter electron (BSE) imaging was 
undertaken using an acceleration voltage of 10-15 kV, a working distance of 15-20 
mm and a beam current of ~0.8 nA. Microstructural and compositional analyses were 
undertaken using Oxford Instruments electron backscatter diffraction (EBSD) and 
energy dispersive X-ray spectroscopy (EDS) detectors. EBSD data was collected 
with a Nordlys Nano high resolution detector using an accelerating voltage of 20 kV, 
20 mm working distance, 70º specimen tilt, and a beam current of 0.5 nA. EBSD 
data were acquired and processed using Oxford Instruments AZtec 3.3 and Channel5 
software, respectively. The EBSD maps were collected with a range of step sizes (50 
nm – 5 µm), with up to 760,000 electron backscatter patterns per map. The post-
processed data were noise reduced using standard zero solution and wildspike 
corrections. EDS data was collected simultaneously with EBSD data using the same 
acquisition parameters as EBSD. 
Zircon grains were located using the Oxford Instruments Feature module 
within Oxford Instruments INCA Suit 5.05 software housed on the MIRA 3 FESEM. 
This module thresholds the BSE signal to identify mineral grains with high atomic 
number contrasts and then utilises EDS to analyse and identify the major element 
composition of the grains. For each identified zircon grain, feature analysis provided 
the location and area within the analysed thin section with a spatial resolution of 0.5 
µm. The number of zircon grains per domain area was calculated by dividing the 
number of zircon grains obtained from each domain by the respective domain surface 
area (number/area) for comparison. 
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Five zircon grains were selected for APT analysis based on their 
characteristics and representation of each domain (Table 2.1). To enable 
reproducibility to be assessed, the largest grains were selected for analysis so that 
multiple APT specimens could be prepared from the same grain. The five selected 
zircon grains included three from the FG domain (two from the subophitic region and 
one from the granoblastic), one from MG, and one from CG domain. 
 
 
Zircon 1 Zircon 2a Zircon 3 Zircon 4 Zircon 5 
Region FG (subophitic) FG (subophitic) FG (granoblastic) MG CG 
Grain form anhedral anhedral subhedral subhedral anhedral 
Surrounded qz, pl cpx, pl cpx, pl, ilm cpx, pl qz, pl 
Length (µm)b 8.5 2.7 - 2.2 11.6 14 7.4 
Misorientation (º) < 5 < 3c < 4 < 10 < 5 
#AP specimens d 2 4 5 5 3 
#AP specimens used e 1 1 5 2 1 
a Zircon 2 consist of four ~2.5 µm zircon grains. 
b Measured along the longest axis. 
c Misorientation of each individual grain. 
d Total number of specimens manufactured. 
e Total number of specimens that yielded data (> 1.5 M ions). 
 
 
A Tescan Lyra3 Ga+ Focused Ion Beam Scanning Electron Microscope (FIB-
SEM) was used to prepare APT specimens from characterised zircon grains. To 
protect the surface of the sample, a ~200 nm thick platinum strip was ion beam-
deposited in-situ over the region of interest. Triangular prisms of ~10 µm length and 
2.5 µm height were milled from each grain using a Ga+ ion beam operated at 30 kV. 
From each grain, the resulting prism was lifted out of the sample using a 
nanomanipulator and was welded to a prefabricated silicon post. The triangular prism 
was then cut to leave a specimen of zircon on the silicon post. The welding and 
cutting process was repeated until the prism was used up. Finally, wedge segments 
on each of the posts were shaped in the FIB-SEM to obtain needle-shaped specimens 
of < 100 nm diameter at the tip. This process uses a series of annular milling steps, 
including a final low voltage polishing stage (5 kV accelerating voltage) to remove 
the high beam energy damaged region. 
APT analysis was undertaken on a Cameca LEAP 4000X HR at the 
Geoscience Atom Probe Facility at Curtin University. APT utilises field evaporation 
Table 2.1 Summary of the zircon grains analysed for APT. 
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of atoms to determine the elemental and isotopic composition of the specimens in 
three dimension (3D) at sub-nanometre resolutions (Kelly and Larson, 2012). A high 
voltage is applied to the needle-shaped specimen and an ultraviolet (355 nm in 
wavelength) short laser pulse (<10 picoseconds) is used to initiate field evaporation 
of ions from the tip of the specimen. The released ions are accelerated by an electric 
field towards a position sensitive detector (distance of ~382 mm) recording the 
position and the timing of each detected ion. The time-of-flight (ToF) of the ion, 
from the start of the laser pulse to the time of impact with the detector, is used to 
identify the ion or molecular species being evaporated. In this study, the APT 
specimens were run at a base temperature of 60 – 80 K, using a laser pulse energy of 
300 – 400 pJ, a pulse frequency of 200 – 250 kHz, and an average detection rate of 
0.005 – 0.006 ions/pulse. The APT acquisition parameters used for each specimen in 
this study are summarised in Suppl. Table 2.1, after Blum et al. (2018), and they 
follow the optimisation parameters for zircon APT analyses by Saxey et al. (2018a). 
A detailed explanation of the technique and its application to geological materials is 
given by Reddy et al. (2020). 
The reconstruction and analysis of the APT data was undertaken using the 
Cameca Integrated Visualization & Analysis Software (IVAS) 3.8.0. The APT data 
was first bowl and voltage corrected for aberrations using the major oxygen peak at 
16 dalton (Da). Calibration of each mass spectrum was done using 9 – 12 peaks (14, 
16, 22.5, 28, 32, 44, 53, 60, 83, 98, 106 and 121 Da). The mass resolving power 
(FWHM) based on the O2
+ peak was typically between 981 – 1055. The background 
noise recorded was between 23 – 68 ppm/ns. The assumed evaporation field was 32 
V/nm (Saxey et al., 2019) with a field factor k = 3.3 and an average atomic volume 
for zircon of 0.01076 nm3 (Suppl. Table 2.1). 
Given the ToF mass analyser used in APT, one of the outputs is a mass 
spectrum that contains peaks made from the ion signal and background noise. 
Manual chemical identification and ranging of the peaks involved associating the 
peak to a known ion, followed by selecting the lower and upper mass limits of the 
peaks. The limits of the ranged ions were chosen based on the signal-to-noise ratio 
with the goal of including most of the signal while minimizing the background noise. 
In the mass spectrum, the ions were seen in different charge states, as individual, 
molecular ions or both. Details of these procedures are given in Larson et al. (2013). 
24 
To study the chemical composition of the zircon grains, the bulk 
compositions (and uncertainties) of each specimen were obtained from the ranged 
mass spectra. This was achieved within the IVAS software by performing a 
background correction on the counts within each defined range of the entire dataset. 
The uncertainties were calculated by the software using counting statistics 
(Poissonian), based on the number of background-corrected counts. 
In order to better interpret the zircon grains of the Bunburra Rockhole 
meteorite in an extra-terrestrial context, the APT results from this study were 
compared with the results of zircon grains in eucrites from Misawa et al. (2005) 
(sensitive high-resolution ion microprobe), Haba et al. (2014) (electron microprobe 
analyser and sensitive high-resolution ion microprobe), and Roszjar et al. (2014) 
(electron probe micro analyser and secondary ion mass spectrometry). To achieve a 
comparison between the different techniques, the results from the other studies were 
converted from oxide weight percent to atomic percent (normalized to the number of 
oxides). 
 
Results 
Petrographic analysis 
The Bunburra Rockhole meteorite sample comprises three different textural 
domains defined by variations in the grain size of the major rock forming minerals 
(Fig. 2.1 and Suppl. Fig. 2.1). The surface area in the field of view varies between 
each domain classification, with the FG domain covering 41.6% (9996.3 
mm2/24055.2 mm2) of the total sample area, the MG covering 34.5% (8304.3 
mm2/24055.2 mm2), and the CG domain with 23.9% (5754.6 mm2/24055.2 mm2). 
Each domain has a similar mineral assemblage comprising augite, anorthite and 
enstatite, with minor to trace amounts of quartz, chromite, ilmenite, zircon, pyrrhotite 
and forsterite (Fig 2.2). The modes of each of the rock-forming minerals, estimated 
in two dimensions from the grain area in pixels, is similar across the different 
domains with the highest percentage belonging to augite (FG: 69.8%, MG: 59.8%, 
CG: 45.5%) followed by anorthite (FG: 24.3%, MG: 28.4%, CG: 32.5%), enstatite 
(FG: 3.2%, MG: 10.8%, CG: 18.6%) and quartz (FG: 2.3%, MG: 0.5%, CG: 3%). 
However, the modal distribution in the FG domain differs between the two textures, 
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where the granoblastic area has more quartz (3.1%) than enstatite (1.2%), while the 
subophitic has more enstatite (5.9%) than quartz (1.2%). 
Texturally, the FG domain comprises regions dominated by subophitic 
(labelled FGs) or granoblastic (labelled FGg) textures (Figs. 2.2a,b and Suppl. Fig. 
2.1). Distinct, large, anhedral to subhedral crystals of pyroxene and plagioclase are 
present within the FG domain, with pyroxene (opx) being the largest (~1.7 mm) and 
most identified in the FGs. Both the MG and CG domains record subophitic textures. 
However, in the 2D thin section, small portions of the FG domain were visible within 
the other two domains. Maskelynite was identified along some of the domain 
boundaries and fractures were found crosscutting all domains with no preferred 
orientation nor through a specific domain or mineral (Figs. 2.1-2.2). 
Thresholding of high backscatter signal combined with EDS analysis led to 
the identification of 628 zircon grains within the sample (Fig. 2.3 and Suppl. Fig. 
2.2). The zircon grains sizes (measured along the longest axis) for the FG domain 
reach up to 12.8 µm with aspect ratios ranging from 1:1 – 1:4. For the MG domain, 
the largest size measure is 14.1 µm with aspect ratios of 1:1 – 1:4, while for the CG 
domain is 13 µm with aspect ratios ranging from 1:1 – 1:3. The size distribution is 
similar within the domains (Fig. 2.3), with an average size of 3.3 µm for FG, 3.7 µm 
for MG, and 3.2 µm for CG. 
From the 628 zircon grains identified, 360 grains were found in the FG 
domain, 182 in the MG domain and 86 in the CG domain. The FG domain has the 
highest calculated number of zircon grains per area (0.036 mm-2), followed by the 
MG domain (0.022 mm-2), and then the CG domain (0.015 mm-2). The zircon grains 
were found to be randomly distributed in the whole sample with no segregation in 
the boundaries of the textural domains (Suppl. Fig. 2.2). Inside the three domains, the 
zircon grains were located within the boundaries of pre-existing grains, with the most 
common minerals being plagioclase, pyroxene and ilmenite, followed by quartz, 
fluorapatite minerals and chromite. 
From the total number of zircon grains, 59 were confirmed to be zircon using 
EDS, and imaged with SE and BSE. Subsequent mapping using EBSD was 
undertaken on 5 of the 59 zircon grains. These zircon grains have anhedral to 
subhedral forms, and the majority contain or are surrounded by fractures. The EBSD 
analysis of the 5 zircon grains shows no lattice distortion. The zircon grains were 
found to not contain any microstructures typically reported in shock-deformed zircon 
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(e.g. planar features, planar deformation features, twinning, high-P polymorphs) (Fig. 
2.4 and Table 2.1). 
 
Geochemical Results 
From the 628 zircon grains, five were selected for detailed nanoscale 
investigation using APT. A total of 19 atom probe specimens were analysed in this 
study; 9 of these specimens fractured during the early stages of APT analysis and 
sufficient APT data to quantify the composition of the specimen was only 
determined from the remaining 10 specimens. Of these specimens, seven came from 
the FG domain (2 – subophitic, 5 – granoblastic), two from the MG domain, and one 
from the CG domain (Table 2.1). 
The mass-to-charge spectrum of the APT specimens contains both single and 
molecular ions, with O, Si, and Zr as major elements, Hf as a minor, and Li, Mg, Al, 
P, Ca, Y and Ce as trace elements (Fig. 2.5). No peak above background noise could 
be attributed to U or Pb, ruling out the possibility of dating the zircon grains. The 3D 
reconstructions of the atom probe specimens show a homogeneous distribution of the 
major, minor and trace elements (Fig. 2.5 and Suppl. Fig. 2.3). The concentration of 
the elements from each specimen can be found in Table 2.2. The zircon values of Y 
range from 107 to 293 ppma with an average of 177 ppma, while P range from 118 
to 250 ppma with an average of 169 ppma. The Zr/Hf ratio from the specimens are 
superchrondritic (Suppl. Table 2.2), or higher than the Zr/HfCI-chondrite value of 32.9 
(Barrat et al., 2012). 
The FG domain yield the highest concentration of Li (M18 – 277 ppma), Mg 
(M16 – 14.2 ppma), P (M18 – 250 ppma) and Y (M14 – 293 ppma), whereas the CG 
domain has the highest measured concentration of Ca (M3 – 163 ppma), and the 
lowest concentration of Li (M3 – 34 ppma) (Fig. 2.6). In the MG domain, Al (M10 – 
14.4 ppma) and Ce (M10 – 30 ppma) record the highest concentrations, while Y (M4 
– 107 ppma) and P (M10 – 118 ppma) record the lowest. Although, there are slight 
variations of trace elements when comparing between the specimens, no substantial 
chemical difference was measured between the domains apart from Li in the CG 
domain (Fig. 2.6).  
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Table 2.2 Elemental analysis from APT (at.%). 
 M3  (1σ) M4  (1σ) M10  (1σ) M12  (1σ) 
 CG MG MG FG granoblastic 
O 62.14 0.01 62.54 0.02 63.47 0.03 64.86 0.02 
Si 16.393 0.005 16.736 0.009 16.414 0.011 15.335 0.010 
Zr 16.556 0.005 17.771 0.009 17.931 0.012 17.780 0.011 
Hf 0.1874 0.0005 0.0432 0.0004 0.1680 0.0010 0.1218 0.0008 
Li 0.0034 0.0001 0.0118 0.0002 0.0179 0.0003 0.0133 0.0003 
Mg 0.00070 0.00003 0.00024 0.00003 0.00098 0.00008 - - 
Al 0.00096 0.00003 0.00189 0.00009 0.00144 0.00010 0.00154 0.00009 
P 0.0192 0.0002 0.0141 0.0002 0.0118 0.0003 0.0132 0.0003 
Ca 0.0163 0.0001 0.0085 0.0002 0.0072 0.0002 0.0061 0.0002 
Y 0.0137 0.0001 0.0107 0.0002 0.0151 0.0003 0.0146 0.0003 
Ce 0.00167 0.00004 0.00161 0.00008 0.00300 0.00014 0.00183 0.00010 
 M13  (1σ) M14  (1σ) M15  (1σ) M16  (1σ) 
 FG granoblastic FG granoblastic FG granoblastic FG granoblastic 
O 63.01 0.01 63.09 0.01 62.62 0.01 64.08 0.01 
Si 16.210 0.006 16.205 0.005 16.373 0.005 15.966 0.006 
Zr 17.818 0.006 17.407 0.006 17.388 0.005 17.095 0.006 
Hf 0.1399 0.0005 0.1272 0.0004 0.1407 0.0004 0.2385 0.0006 
Li 0.0148 0.0002 0.0187 0.0002 0.0190 0.0002 0.0227 0.0002 
Mg 0.00060 0.00003 - - - - 0.00142 0.00005 
Al 0.00177 0.00005 0.00060 0.00003 0.00188 0.00005 0.00123 0.00005 
P 0.0142 0.0002 0.0226 0.0002 0.0194 0.0002 0.0140 0.0002 
Ca 0.0085 0.0001 0.0135 0.0001 0.0141 0.0001 0.0082 0.0001 
Y 0.0177 0.0002 0.0293 0.0002 0.0181 0.0002 0.0132 0.0002 
Ce 0.00155 0.00005 0.00124 0.00004 0.00176 0.00005 0.00137 0.00005 
 M18  (1σ) M19  (1σ) 
 FG subophitic FG subophitic 
O 62.05 0.02 62.60 0.01 
Si 16.520 0.007 16.447 0.006 
Zr 17.591 0.008 17.189 0.006 
Hf 0.1339 0.0006 0.1150 0.0005 
Li 0.0277 0.0003 0.0160 0.0002 
Mg 0.00068 0.00004 0.00094 0.00004 
Al 0.00023 0.00003 0.00115 0.00005 
P 0.0250 0.0003 0.0156 0.0002 
Ca 0.0148 0.0002 0.0149 0.0002 
Y 0.0276 0.0003 0.0167 0.0002 
Ce 0.00145 0.00006 0.00153 0.00006 
- = below detection limit 
Uncertainties are based on counting statistics. 
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Discussion 
Zircon characteristics 
A total of 628 microscale zircon grains were found within the three textural 
domains of the Bunburra Rockhole meteorite sample, with the largest being ~14 µm 
across the longest axis (Fig. 2.3). Even though the FG domain has the highest 
number of zircon grains per area, the size distribution is similar between the 
domains, showing no obvious correlation between grain size and textural domain 
(Fig. 2.3). In addition, the zircon grains are located within the boundary of pre-
existing minerals and do not segregate in the boundaries of the different domains, 
suggesting they crystallized last within the different domains and prior to the 
brecciating event (Suppl. Fig. 2.2).  
Previous work by Jourdan et al. (2014) on petrographic features from 
pyroxene and plagioclase grains (fractures, undulatory features and localized 
cloudiness) established shock metamorphic pressures of 10 – 20 GPa for the 
Bunburra Rockhole meteorite. These conditions are consistent with our observations 
of maskelynite (Fig. 2.2) and the absence of diagnostic shock microstructures in the 
zircon grains. 
The geochemical analysis by APT revealed a similar major, minor and trace 
element composition of zircon grains amongst the three domains, except for Li (Fig. 
2.6 and Table 2.2). Li concentrations were lowest in the CG domain, which could be 
caused by a Li-poor composition of the parent melt, Li diffusion during thermal 
annealing, or diffusion of Li coupled with the diffusion of other elements (Ushikubo 
et al., 2008; Sliwinski et al., 2018). Regardless of the low concentration of Li in the 
CG domain, the chemical homogeneity of zircon grains from the different domains 
support a common magmatic source. 
The zircon grains within Bunburra Rockhole are inferred to be primary 
magmatic grains that crystallized from a fractionated residual melt, expected to have 
occurred during the last stage of crystallization within the different domains. This is 
supported by the morphology of the grains, spatial distribution, superchondritic 
Zr/Hf ratio value (Figs. 2.4, 2.7), and lack of metamorphic overprint. 
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Evolution of Bunburra Rockhole 
The grain size variation, subophitic and granoblastic textures seen in the 
Bunburra Rockhole sample suggest a complex history for the meteorite. The 
meteorite sample comprises texturally distinct clasts surrounded by maskelynite that 
make up the different domains (Fig. 2.2 and Suppl. Fig. 2.1). The clasts consist 
mostly of plagioclase (anorthite) and pyroxene (augite and enstatite), minor amounts 
of quartz, and trace amounts of ilmenite, chromite, forsterite, zircon and pyrrhotite 
(Fig. 2.2). Although the modal mineralogy is similar between the clasts, the different 
grain size points to different cooling rates for the different domains. The 
amalgamation and consolidation of the breccia is overprinted by fractures that 
crosscut several minerals with no preferred direction, mineralogy or domain (Fig. 
2.1). The petrological observations of this meteorite, which reveals FG, MG and CG 
domains, suggest reclassification as a polymict breccia. This finding is consistent 
with bulk and trace element chemistry of pyroxene, plagioclase, and Ca phosphate 
crystals done by Spivak-Birndorf et al. (2015), although these authors classified the 
Bunburra Rockhole meteorite as a monomict breccia. In this study, the term 
monomict was not used since it implies the domains of the breccia are all the same 
and the evidence shows they are texturally different. This difference implies the 
domains come from different rock types, even if those rocks formed from a similar 
source. 
The formation of the Bunburra Rockhole meteorite parent melt has been 
interpreted to have occurred at 4565 Ma, 3 Ma after the formation of the solar system 
(Spivak-Birndorf et al., 2015). An impact-related thermal event re-equilibrated the 
Mg and Pb isotopic system of the rock around 4102 Ma (Spivak-Birndorf et al., 
2015). Several impact events occurring at different times (3640, 3544, 3419 Ma) 
have been suggested to have struck, formed and excavated the components of the 
Bunburra Rockhole meteorite (Jourdan et al., 2014). This interpretation assumes that 
the texturally distinct domains formed at different times. 
However, the similar chemical composition and size distribution of the zircon 
grains found in this study, suggest a similar source melt for the domains. In addition, 
the zircon grains in the Bunburra Rockhole sample are interpreted to have 
crystallised from a residual melt based on their location, superchondritic Zr/Hf ratio 
and their anhedral-subhedral form (Fig. 2.7). This study indicates that the individual 
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domains are a function of cooling rate of a single melt source. The disruption and 
consolidation process of the textural domains represents secondary processing 
associated with impact. 
The ages for the domains could not be determined since Pb was not detected 
within APT analysis of the zircon grains. This could be explained by the low 
concentration of U (0.10 ppm – FG, 0.10 ppm – MG, 0.09 ppm – CG) and Th (0.39 
ppm – FG, 0.35 ppm – MG, 0.36 ppm – CG) within the Bunburra Rockhole 
meteorite obtained by Spivak-Birndorf et al. (2015). Nevertheless, APT was able to 
provide important geochemical data that aided in the distinction of the Bunburra 
Rockhole meteorite source body. 
 
Comparison of Bunburra Rockhole and eucrites 
No major difference was identified in the concentrations of Si, Zr and Hf 
between the zircon grains from the Bunburra Rockhole meteorite and the eucrite 
zircon from Misawa et al. (2005), Haba et al. (2014) and Roszjar et al. (2014) (Fig. 
2.S4). In addition, the Zr/Hf ratio from all of these studies, including this one, are 
superchondritic (Fig. 2.7 and Suppl. Table 2.2), indicating that the zircon grains in 
basaltic achondrite crystallized from a residual melt (Misawa et al., 2005; Patzer et 
al., 2010; Roszjar et al., 2014). In addition, the concentrations of the trace elements 
from the Bunburra Rockhole meteorite is similar to those found in geochemical 
studies of eucrite zircon grains (Suppl. Fig. 2.4).  
However, when comparing the Y/P ratio between Roszjar et al. (2014) and 
this study, a difference becomes apparent (Fig. 2.8). The Bunburra Rockhole values 
of Y range from 0.011 to 0.029 at.% with an average of 0.018 at.%, while P range 
from 0.012 to 0.025 at.% with an average of 0.017 at.%. The Y values from Roszjar 
et al. (2014) range from 0 to 0.096 at.% (average of 0.022 at.%), whereas P ranges 
from 0.017 to 0.149 at.% with an average of 0.049 at.%. The sample suite from 
Roszjar et al. (2014) consists of eleven different basaltic eucrites for a total of 72 
analyses conducted on 69 zircon grains using an electron probe micro analyser and 
secondary ion mass spectrometry. Misawa et al. (2005) and Haba et al. (2014) did 
not measure the Y nor P content within the zircon grains. 
When using APT data for a chemical analysis, underestimation or 
overestimation of peak counts must be considered. Such biases can depend on 
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several variables including, but not limited to peaks overlaps, thermal tails or 
background noise levels. To verify the accuracy of APT quantification of Y and P in 
this study, the results have been compared to analyses of zircon standards by APT 
and other techniques. For the zircon reference material 91500, the Y concentration in 
the APT data was underestimated when compared to secondary-ion mass 
spectrometry and laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) (Saxey et al., 2018b). In an inter-laboratory analysis of zircon reference 
material, GJ-1, the Y concentration from the APT data was also underestimated 
when compared to LA-ICP-MS, while the P concentration were overestimated 
(Exertier et al., 2018). Hence, a similar bias may be expected in the APT analysis of 
Y and P concentrations in this study, which if corrected would place the Y/P ratio 
even further from the eucritic trend line of Roszjar et al. (2014) (Fig. 2.8). 
Additionally, for the data of this study to plot where Roszjar et al. (2014) data is, the 
concentration of P from the APT analysis would have to be doubled. This difference 
is well above any analytical uncertainty caused by peak overlaps, thermal tails or 
noise levels. Thus, the authors of this study have a high degree of confidence that the 
higher Y/P ratio measured in the Bunburra Rockhole zircon grains by APT is 
significant and different from eucrite zircon grains. 
The different Y/P ratio, coupled with the previously reported O and Cr 
isotopic data (Bland et al., 2009; Benedix et al., 2017), and orbital trajectory models 
(Bland et al., 2009), indicate that the Bunburra Rockhole meteorite is not a eucrite 
and therefore did not originate from the asteroid 4 Vesta. However, the similarities in 
texture, mineralogy and general chemistry between the Bunburra Rockhole meteorite 
and eucrites suggest a similar petrogenesis to that of 4 Vesta and the parent body of 
the Bunburra Rockhole meteorite.  
Conclusion 
This study is the first comprehensive analysis of zircon grains from the 
Bunburra Rockhole meteorite, which have previously not been studied in detail, 
primarily due to their micrometre size and the limited spatial resolution of 
conventional analytical techniques. Based on macroscopic and microscopic 
observations alone, the Bunburra Rockhole meteorite can be classified as a basaltic 
eucrite. However, with the nanometre characterization by APT the chemical 
composition of the zircon grains was acquired, proving to be an important tool to 
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distinguish the composition of the parent body. Considering the morphology, spatial 
distribution, chemical composition and lack of metamorphic overprint of the zircon 
grains within the sample, it is established that the Bunburra Rockhole meteorite has a 
single population of zircon grains. These grains crystallized from a common source 
melt at the last stage of crystallization within the domains, before the brecciation 
event. This information indicates the different grain-sizes that define the domains are 
determined by the cooling rates. 
The Bunburra Rockhole meteorite and eucrites have similar textures, 
mineralogy and general chemistry. However, the nanoscale geochemical analysis of 
the zircon grains within the Bunburra Rockhole meteorite revealed a difference in the 
Y/P ratio when compared to that of eucrites. This difference supports previous 
suggestions that this meteorite is not a eucrite and did not derive from the asteroid 4 
Vesta. Despite the differences observed at the nanoscale, the similarities at macro- 
and microscale scales suggest the origins and formations of the Bunburra Rockhole 
parent body and the asteroid 4 Vesta are similar.  
This study has: (1) demonstrated that the geochemical information from 
microscale sized grains can be individually analysed to provide insight of the parent 
body; (2) shown that APT can be applied to detect subtle variations in the trace 
element concentrations within samples; and (3) provides a foundation for new 
applications of APT to planetary sciences. 
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Figures 
 
Figure 2.1 A BSE image of the Bunburra Rockhole sample with the three 
different domains, fine-grained (FG), medium-grained (MG) and coarse-grained 
(CG). The FG domain is sub-divided by the texture as subophitic (FGS) and 
granoblastic (FGG). Multiple fractures are visible throughout the image, as well as 
large crystals of pyroxene and plagioclase within the FG domain. 
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Figure 2.2 EBSD phase maps from (a) the FG domain showing the subophitic 
texture, (b) FG domain with the granoblastic texture, (c) FG (right) and CG (left) 
domains with maskelynite along their boundary, (d) CG domain, and (e) FG (top) 
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and MG (bottom) domains separated by maskelynite. The minerals identified within 
the EBSD maps were augite, enstatite, anorthite, quartz, chromite, ilmenite, zircon 
(too small to see), pyrrhotite (too small to see), and forsterite. 
 
 
 
 
Figure 2.3 Histogram of the size distribution of the zircon grains within the 
different domains: fine-grained (FG), medium-grained (MG) and coarse-grained 
(CG). The plots show the number of zircon grains against the maximum length, and 
the area of the grains against the maximum length. A similar distribution can be seen 
between the domains. The colours represent the values within each domain (green – 
FG, blue – MG, and red – CG). 
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Figure 2.4 EBSD maps of the five zircon grains analysed. Band contrast 
combined with phase maps of (a) zircon 1, (c) zircon 2, (e) zircon 3, (g) zircon 4, and 
(i) zircon 5. The colours in the phase maps represent zircon (zrn – red), 
clinopyroxene (cpx – green), plagioclase (pl – yellow), quartz (qz – blue), ilmenite 
(ilm – fuchsia) and orthopyroxene (opx – maroon). Band contrast and texture 
component (TC) maps of (b) zircon 1, (h) zircon 4 and (j) zircon 5 showing the 
variation in crystallographic orientation relative to a point of reference in the image 
(red cross). Band contrast with grain reference orientation deviation (GROD) angle 
maps of (d) zircon 2 and (f) zircon 3 showing the misorientation of each individual 
grain. GROD maps were picked over TC maps for areas that contained more than 
one zircon grain (zircon 2 and zircon 3). 
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Figure 2.5 APT data for specimen M3 (~91 million ions). (a) The mass spectrum 
from zircon 5 of the CG domain with the ranges of the single ions and molecular 
ions. (b) Atom probe 3D reconstructions showing a homogenous distribution of trace 
elements, where each sphere represents an atom (Li, Mg, Al, P, Ca, Y, Ce, and Pb). 
Pb counts were below the detection limit, hence the Pb reconstruction only represent 
noise. 
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Figure 2.6 A visual representation of the trace element concentration from the 
APT data of the specimens. The concentrations are given in ppma, and the colours 
represent the domains (red – CG, blue – MG, and green – FG). The uncertainties are 
smaller than the marks because they are based only on counting statistics, hence they 
were not included. 
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Figure 2.7 Comparison of the Zr/Hf ratio between studies, with the Zr/Hf ratio of 
CI chondrites added for reference (dashed line = 32.9). Even though the number of 
zircon grains analysed differ by studies, the Zr/Hf ratio for all of them are 
superchondritic. One data set from this study (purple) was omitted due to the 
different parameters used during the APT analysis. 
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Figure 2.8 Y and P concentrations of zircon grains from this study (Bunburra 
Rockhole meteorite) and Roszjar et al. (2014) (eucrites). Error bars from this study 
are smaller than the marks, hence they were not included. Values of the errors can be 
found in Table 2.2. 
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Supplementary Material 
 
Suppl. Figure 2.1 Large area EBSD map of the Bunburra Rockhole meteorite 
sample with the different minerals highlighted. 
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Suppl. Figure 2.2 BSE image of the Bunburra Rockhole sample with the 
approximate position of the zircon grains identified using feature analysis. The colours 
represent the grains in the different domains (green – FG, blue – MG, and red – CG). 
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Suppl. Figure 2.3 3D atom probe reconstructions of all the specimens used for 
the geochemical analysis, showing a homogenous distribution of major, minor and 
trace elements in each of the specimens. Empty spaces in the Mg column of M12, 
M14 and M15 indicates the values were below the detection limit. Pb counts were 
below the detection limit, hence the Pb reconstruction only represent noise. 
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Suppl. Figure 2.4 Chemical comparison (in at.%) between Bunburra Rockhole 
and the eucrites from Misawa et al. (2005), Haba et al. (2014) and Roszjar et al. 
(2014). Note the last row only compares this study and Roszjar et al. (2014), since 
the other two did not measure Y nor Ce. 
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Suppl. Table 2.1 APT data and acquisition settings. 
Grain zircon 5       zircon 4 zircon 3 zircon 1 zircon 2 
Data set /specimen M3 M4 M10 M12 M13 M14 M15 M16 M18 M19 
Instrument Model LEAP 4000X HR 
Instrument Settings          
Laser wavelength (nm) 355 
Laser pulse energy 
(pJ) 
300 300 400 400 400 400 400 400 400 400 
Pulse frequency (kHz) 200 250 250 200 200 200 200 200 200 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.005 0.006 0.006 0.006 0.006 0.006 0.007 0.005 0.005 
Nominal flight path (mm) 382 
Set point temperature 
(K) 
70 70 60 70 70 70 70 70 80 70 
Sample temperature 
(K) 
80.7 80.7 69.7 80.9 80.7 80.7 79.9 80.7 91.9 80.7 
Chamber pressure 
(x10-10 Torr) 
1.9 2.0 1.0 1.9 2.6 1.8 2.6 1.8 2.1 2.6 
Data Summary           
LAS Root version         15.41.342l 
CAMECAROOT version 18.44.416 
Analysis Software           IVAS 3.8.0 
Total Ions: 91 M 22 M 31 M 18 M 57 M 68 M 74 M 62 M 35 M 51 M 
% Single 79.6 74.9 77.1 70.6 75.7 76.5 73.8 70.9 78.7 77.8 
% Multiple 19.7 24.3 22.3 28.6 23.6 22.8 25.6 28.5 20.5 21.5 
% Partial 0.8 0.8 0.6 0.8 0.7 0.7 0.7 0.6 0.8 0.7 
Volt./bowl corr. peak (Da) 16 
Mass Calib. 
(peaks/interp.) 
9/Lin 10/Lin 9/Lin 9/Lin 9/Lin 10/Lin 9/Lin 12/Lin 11/Lin 9/Lin 
*(M/ΔM)  998 1026 1055 1000 1006 1006 981 1025 1002 1000 
**(M/ΔM10) 199 201 196 113 191 193 191 184 200 193 
Time independent 
background 
(ppm/ns) 
52.22 67.22 28.73 23.1 28.56 28.76 46.98 29.6 49.18 36.60 
Reconstruction           
Final specimen state NF F F F F F NF F F F 
Pre-/post-analysis imaging SEM 
Radius evolution model ‘Voltage’ 
Field factor (k) 3.3 
Image compression factor 1.65 
Assumed E-field (V/nm) 32 
Detector efficiency 0.36 
Avg. atomic volume (nm3) 0.01076 
V initial (V) 5530 5721 4071 4165 4887 4999 4863 5127 4954 4777 
V final (V) 10031 8239 8976 6563 8473 8916 10024 8991 9265 8810 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
** ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = interpolation;  
Lin = linearization method; Avg. = average; F = fractured, NF = not fractured. 
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Suppl. Table 2.2 Zr/Hf ratio of the specimens and eucrites 
Study Meteorite Sample Zra Hfa Zr/Hf Zr/Hfb 
This study B.R. M18 17.59 0.134 131 67 
This study B.R. M19 17.19 0.115 149 76 
This study B.R. M12 17.78 0.122 146 75 
This study B.R. M13 17.82 0.140 127 65 
This study B.R. M14 17.41 0.127 137 70 
This study B.R. M15 17.39 0.141 124 63 
This study B.R. M16 17.09 0.238 72 37 
This study B.R. M4 17.77 0.043 411 210 
This study B.R. M10 17.93 0.168 107 55 
This study B.R. M3 16.56 0.187 88 45 
Misawa et al., 2005 Yamato-75011 Y-75011 15.89 0.151 105 54 
Misawa et al., 2005 Yamato-792510 Y-792510 16.06 0.110 146 75 
Misawa et al., 2005 Asuka-881388 A-881388 16.42 0.140 117 60 
Misawa et al., 2005 Asuka-881467 A-881467 16.44 0.190 86 44 
Misawa et al., 2005 Padvarninkai UT1 16.05 0.206 78 40 
Misawa et al., 2005 Padvarninkai UT2 16.20 0.197 82 42 
Roszjar et al., 2014 DaG 276 Zrc1* 16.27 0.234 70 36 
Roszjar et al., 2014 DaG 391 Zrc1* 17.09 0.194 88 45 
Roszjar et al., 2014 Dho 182  Zrc1 16.31 0.163 100 51 
Roszjar et al., 2014 Dho 182  Zrc2 16.28 0.232 70 36 
Roszjar et al., 2014 Dho 182 Zrc3 16.47 0.176 94 48 
Roszjar et al., 2014 Dho 182 Zrc4 16.47 0.166 100 51 
Roszjar et al., 2014 Dho 182 Zrc5 16.27 0.163 100 51 
Roszjar et al., 2014 HaH 286 Zrc1-1 16.45 0.161 102 52 
Roszjar et al., 2014 HaH 286 Zrc1-2 16.33 0.140 117 60 
Roszjar et al., 2014 HaH 286 Zrc1-3 16.48 0.150 110 56 
Roszjar et al., 2014 HaH 286 Zrc2 16.61 0.191 87 45 
Roszjar et al., 2014 HaH 286 Zrc3a 16.48 0.167 99 51 
Roszjar et al., 2014 HaH 286 Zrc3b 16.33 0.165 99 51 
Roszjar et al., 2014 HaH 286 Zrc3c 16.39 0.159 103 53 
Roszjar et al., 2014 HaH 286 Zrc4 16.57 0.183 91 46 
Roszjar et al., 2014 HaH 286 Zrc5 16.35 0.197 83 42 
Roszjar et al., 2014 HaH 286 Zrc6 16.23 0.150 108 55 
Roszjar et al., 2014 HaH 286 Zrc7 16.25 0.309 53 27 
Roszjar et al., 2014 HaH 286 Zrc8 16.30 0.178 92 47 
Roszjar et al., 2014 Millbillillie Zrc1 16.40 0.194 84 43 
Roszjar et al., 2014 Millbillillie Zrc2 16.30 0.208 78 40 
Roszjar et al., 2014 Millbillillie Zrc3* 16.51 0.168 98 50 
Roszjar et al., 2014 Millbillillie Zrc8 16.69 0.190 88 45 
Roszjar et al., 2014 Millbillillie Zrc11 16.42 0.184 89 46 
Roszjar et al., 2014 Millbillillie Zrc12* 16.41 0.167 98 50 
Roszjar et al., 2014 Millbillillie Zrc13* 16.42 0.184 89 46 
Roszjar et al., 2014 Millbillillie Zrc14 16.25 0.208 78 40 
Roszjar et al., 2014 Millbillillie Zrc15 16.43 0.155 106 54 
Roszjar et al., 2014 NWA 1908 Zrc1 16.45 0.157 105 54 
Roszjar et al., 2014 NWA 1908 Zrc2 16.45 0.123 134 69 
Roszjar et al., 2014 NWA 2550 Zrc1 16.54 0.193 86 44 
Roszjar et al., 2014 NWA 2550 Zrc2 16.45 0.163 101 52 
Roszjar et al., 2014 NWA 2550 Zrc3 16.36 0.211 77 40 
Roszjar et al., 2014 NWA 2550 Zrc4 16.13 0.202 80 41 
Roszjar et al., 2014 NWA 2550 Zrc5 16.31 0.163 100 51 
Roszjar et al., 2014 NWA 2550 Zrc6 16.25 0.159 102 52 
Roszjar et al., 2014 NWA 2550 Zrc7 16.40 0.177 93 47 
Roszjar et al., 2014 NWA 2550 Zrc8 16.36 0.157 104 53 
Roszjar et al., 2014 NWA 4523 Zrc1 16.06 0.166 97 50 
Roszjar et al., 2014 NWA 4523 Zrc2 16.34 0.175 93 48 
Roszjar et al., 2014 NWA 4523 Zrc3 16.35 0.167 98 50 
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Study Meteorite Sample Zra Hfa Zr/Hf Zr/Hfb 
Roszjar et al., 2014 NWA 4523 Zrc4 16.14 0.168 96 49 
Roszjar et al., 2014 NWA 4523 Zrc5 16.21 0.159 102 52 
Roszjar et al., 2014 NWA 5073 Zrc1 16.37 0.163 101 51 
Roszjar et al., 2014 NWA 5073 Zrc2 16.32 0.241 68 35 
Roszjar et al., 2014 NWA 5073 Zrc3 16.15 0.310 52 27 
Roszjar et al., 2014 NWA 5073 Zrc4 16.38 0.176 93 48 
Roszjar et al., 2014 NWA 5073 Zrc5 16.17 0.157 103 53 
Roszjar et al., 2014 NWA 5073 Zrc6 16.03 0.262 61 31 
Roszjar et al., 2014 NWA 5073 Zrc7 15.82 0.138 114 58 
Roszjar et al., 2014 NWA 5073 Zrc8 16.56 0.070 237 121 
Roszjar et al., 2014 NWA 5073 Zrc9 16.54 0.166 99 51 
Roszjar et al., 2014 NWA 5073 Zrc10 16.40 0.205 80 41 
Roszjar et al., 2014 NWA 5073 Zrc11 16.26 0.179 91 46 
Roszjar et al., 2014 NWA 5073 Zrc12 16.51 0.167 99 50 
Roszjar et al., 2014 NWA 5073 Zrc13 16.16 0.190 85 44 
Roszjar et al., 2014 NWA 5356 Zr1 16.30 0.217 75 38 
Roszjar et al., 2014 NWA 5356 Zr2a 16.03 0.201 80 41 
Roszjar et al., 2014 NWA 5356 Zr2b 16.19 0.178 91 47 
Roszjar et al., 2014 NWA 5356 Zr3 16.39 0.183 89 46 
Roszjar et al., 2014 NWA 5356 Zr4 16.29 0.214 76 39 
Roszjar et al., 2014 NWA 5356 Zr5 16.48 0.164 100 51 
Roszjar et al., 2014 NWA 5356 Zr6 16.55 0.188 88 45 
Roszjar et al., 2014 Sah 98110 Zrc1 15.48 0.210 74 38 
Roszjar et al., 2014 Sah 98110 Zrc2 15.22 0.186 82 42 
Roszjar et al., 2014 Sah 98110 Zrc6* 16.17 0.215 75 38 
Roszjar et al., 2014 Sah 98110 Zrc3 15.96 0.185 86 44 
Roszjar et al., 2014 Sah 98110 Zrc20* 15.64 0.177 88 45 
Roszjar et al., 2014 Sah 98110 Zrc23* 16.38 0.225 73 37 
Roszjar et al., 2014 Sah 98110 Zrc4 15.97 0.190 84 43 
Roszjar et al., 2014 Sah 98110 ZrcNest1* 16.25 0.225 72 37 
Roszjar et al., 2014 Sah 98110 ZrcNest5* 15.87 0.177 90 46 
Haba et al., 2014 Y-75011 zircon 1 16.02 0.214 75 38 
Haba et al., 2014 Y-75011 zircon 2 16.14 0.201 80 41 
Haba et al., 2014 Y-75011 zircon 3 16.28 0.191 85 44 
Haba et al., 2014 Y-82082-1 zircon1 clast1b 15.95 0.200 80 41 
Haba et al., 2014 Y-82082-1 zircon2 clast1b 16.18 0.127 127 65 
Haba et al., 2014 Y-82082-1 zircon3 clast1b 16.10 0.184 88 45 
Haba et al., 2014 Y-82082-1 zircon4 clast2 16.15 0.208 78 40 
Haba et al., 2014 Y-82082-2 zircon1 clast1 16.06 0.211 76 39 
Haba et al., 2014 Y-82082-2 zircon2-1 clast1 16.29 0.179 91 47 
Haba et al., 2014 Y-82082-2 zircon2-2 clast1 16.28 0.153 106 54 
Haba et al., 2014 Stannern-1 zircon1 16.08 0.202 80 41 
Haba et al., 2014 Stannern-1 zircon2 16.15 0.191 85 43 
Haba et al., 2014 Stannern-1 zircon3 16.18 0.192 84 43 
Haba et al., 2014 Stannern-1 zircon4 16.10 0.261 62 32 
Haba et al., 2014 Stannern-1 zircon5 16.23 0.204 80 41 
Haba et al., 2014 Stannern-1 zircon6 16.10 0.166 97 50 
Haba et al., 2014 Stannern-1 zircon7 16.13 0.220 73 37 
Haba et al., 2014 Stannern-1 zircon8 16.04 0.222 72 37 
Haba et al., 2014 Stannern-1 zircon9 16.20 0.180 90 46 
Haba et al., 2014 Stannern-1 zircon10 16.06 0.206 78 40 
Haba et al., 2014 Stannern-1 zircon11 16.13 0.131 124 63 
Haba et al., 2014 Stannern-1 zircon12 16.22 0.261 62 32 
Haba et al., 2014 Stannern-1 zircon13 16.30 0.204 80 41 
Haba et al., 2014 Stannern-1 zircon14 16.16 0.184 88 45 
Haba et al., 2014 Stannern-1 zircon15 16.08 0.213 76 39 
Haba et al., 2014 Stannern-1 zircon16 16.26 0.169 96 49 
Haba et al., 2014 Stannern-2 zircon1 16.33 0.191 86 44 
Haba et al., 2014 Stannern-2 zircon2 16.20 0.201 81 41 
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Study Meteorite Sample Zra Hfa Zr/Hf Zr/Hfb 
Haba et al., 2014 Stannern-2 zircon3 16.03 0.228 70 36 
Haba et al., 2014 Stannern-2 zircon4-1 16.37 0.154 106 54 
Haba et al., 2014 Stannern-2 zircon4-2 16.18 0.206 78 40 
Haba et al., 2014 Stannern-2 zircon5 16.19 0.124 131 67 
Haba et al., 2014 Stannern-2 zircon6 15.30 0.220 70 36 
Haba et al., 2014 Stannern-2 zircon7 16.05 0.259 62 32 
Haba et al., 2014 Stannern-2 zircon8 16.11 0.191 85 43 
Haba et al., 2014 Juvinas zircon1 16.43 0.177 93 48 
Haba et al., 2014 Juvinas zircon2-1 16.27 0.122 133 68 
Haba et al., 2014 Juvinas zircon2-2 16.31 0.118 139 71 
Haba et al., 2014 Juvinas zircon2-3 16.37 0.117 140 72 
Haba et al., 2014 Y-792510 zircon1-1 16.23 0.187 87 44 
Haba et al., 2014 Y-792510 zircon1-2 16.29 0.186 88 45 
Haba et al., 2014 Y-792510 zircon2-1 16.10 0.188 86 44 
Haba et al., 2014 Y-792510 zircon2-2 16.32 0.180 91 46 
Haba et al., 2014 Y-792510 zircon3 16.19 0.202 80 41 
Haba et al., 2014 Y-792510 zircon4 16.05 0.188 86 44 
Haba et al., 2014 Y-792510 zircon5-1 16.32 0.208 79 40 
Haba et al., 2014 Y-792510 zircon5-2 16.37 0.185 88 45 
Haba et al., 2014 Y-792510 zircon6 16.30 0.196 83 42 
Haba et al., 2014 Y-792510 zircon7 16.43 0.196 84 43 
Haba et al., 2014 Y-792510 zircon8-1 16.07 0.225 71 36 
Haba et al., 2014 Y-792510 zircon8-2 16.13 0.179 90 46 
Haba et al., 2014 Y-792510 zircon9-1 16.26 0.193 84 43 
Haba et al., 2014 Y-792510 zircon9-2 16.21 0.192 84 43 
Haba et al., 2014 A-881467-1 zircon1-1 16.14 0.155 104 53 
Haba et al., 2014 A-881467-1 zircon1-2 16.12 0.155 104 53 
Haba et al., 2014 A-881467-1 zircon2-1 16.34 0.164 100 51 
Haba et al., 2014 A-881467-1 zircon2-2 16.23 0.193 84 43 
Haba et al., 2014 A-881467-1 zircon3 16.24 0.181 90 46 
Haba et al., 2014 A-881467-1 zircon4 16.30 0.168 97 50 
Haba et al., 2014 A-881467-1 zircon5 16.23 0.209 78 40 
Haba et al., 2014 A-881467-1 zircon6 16.35 0.183 89 46 
Haba et al., 2014 A-881467-1 zircon7 16.19 0.174 93 48 
Haba et al., 2014 A-881467-2 zircon1 16.40 0.181 91 46 
Haba et al., 2014 A-881467-2 zircon2 16.20 0.193 84 43 
Haba et al., 2014 A-881467-2 zircon3 16.16 0.173 93 48 
Haba et al., 2014 A-881467-2 zircon4 16.37 0.187 87 45 
Haba et al., 2014 A-881467-2 zircon5 16.34 0.207 79 40 
B.R. = Bunburra Rockhole 
a = measured (this study) and calculated (other studies) values in atomic percent (at.%). 
b is the Zr/Hf ratio based on the atomic weight %. 
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Abstract 
The coupled trace element composition and U-Th-Pb age of detrital zircon is 
being increasingly used to constrain the source provenance and evolution of source 
rocks that are no longer exposed at the Earth’s surface. The correct interpretation of 
such data requires an understanding of the potentially complex processes that may 
modify the trace element geochemistry of zircon, e.g. metamorphism, hydrothermal 
alteration and weathering. A metamorphosed detrital zircon grain from the Lalla 
Rookh Sandstone formation of the Pilbara craton in Western Australia was analysed 
using atom probe tomography (APT) and transmission electron microscopy (TEM) 
to develop an understanding of the range of mechanisms that may be responsible for 
trace element modification of the complex detrital zircon grain.  
This grain comprises a partially recrystallised, zoned igneous core and 
metamorphic rim. The latter has been significantly affected by fluid alteration 
spatially associated to radial fractures, interpreted to have formed as a response to 
radiation damage in the core. Geochronological analyses conducted with a sensitive 
high resolution ion microprobe (SHRIMP) reveal a crystallization age of 3531 ± 12 
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Ma for the discordant analyses from the core and a 3295 ± 6 Ma metamorphic event 
age for the rim. The discordancy of the data suggests a recent open system behaviour 
for the zircon grain. 
The APT nanoscale geochemical analysis shows different concentrations of 
trace elements from the different textural components of the grain, with the metamict 
regions having the highest concentration. The APT data from the different 
subdivisions, show large variations in APT specimen yield that suggest the yield is 
correlated with the chemistry of the sample. However, the specimens from the 
crystalline region in the core contains nanoscale Pb clusters that formed by an 
unknown previous mechanism during the metamorphic event that created the core–
rim structure of the grain. The TEM analysis shows a trace elements enrichment in 
the healed fractures and a heterogeneous distribution of nanoscale size voids in the 
grains structure. The U enrichment in the fractures supports a recent U-gain scenario 
over a Pb-loss. The complexity of textures in the rim and the U-gain through 
fractures can be developed by recent hydrothermal alteration or by weathering 
processes. Establishing a workflow to analyse the trace element composition of the 
different textural components, the complex history of the metamorphosed detrital 
zircon grain can be determined. 
 
Keywords: zircon, detrital, hydrothermal, atom probe tomography, nanoscale, 
geochemistry, trace element, geochronology 
 
Introduction 
Zircon (ZrSiO4) is an accessory mineral that is commonly used in 
geochemical and geochronological studies because of its ability to incorporate trace 
elements in its structure, especially uranium (U) and thorium (Th). The incorporation 
of trace elements during crystallization leads to the heterogeneous compositional 
variations, which can be seen at µm scale (e.g. zoning) (Corfu et al., 2003). The 
study of trace elements in zircon grains provides fundamental information about the 
timing and evolution of geological events. Detrital zircon grains have been used to 
determine their provenance, age of deposition, tectonic reconstruction, in 
paleogeography studies and to study the early history of Earth and eroded impact 
structures (e.g. Gray and Zeitler, 1997; Rainbird et al., 2001; Belousova et al., 2002; 
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Fedo et al., 2003; Cavosie et al., 2010; Thomson et al., 2014). However, multiple 
studies have shown that the trace element geochemistry of zircon may be modified 
by a range of different processes (Hoskin and Black, 2000; Ewing et al., 2003; 
Utsunomiya et al., 2004; Hoskin, 2005; Reddy et al., 2006). Processes that have been 
shown to disturb the trace element composition of zircon include, but are not limited 
to, radiation, metamorphism, hydrothermal/fluid alteration, deformation and 
weathering (e.g. Hoskin and Black, 2000; Geisler et al., 2003; Hoskin, 2005; Geisler 
et al., 2007; Martin et al., 2008; Pidgeon et al., 2013; Pidgeon et al., 2019). 
The processes mentioned above themselves contain a myriad of mechanisms 
that may affect trace element composition and mobility in different ways. Since 
zircon grains can incorporate radioactive elements in their structure during 
crystallization, there is a high probability of self-induced radiation damage for the 
grain over geological timescales. One of the sources for damage to the structure is α-
recoil from the decay of radioactive elements (Romer, 2003), which can result in an 
open system behaviour and disturb the composition of the grain (Silver and Deutsch, 
1963). Murakami et al. (1991) proposed a relationship between the amount of 
radiation damage, α-decay dose and crystal structure in a zircon grain. It consists of 
three stages, where in stage 1, isolated point defects start to accumulate in the 
structure (< 3x1015 α-decay events/mg). In stage 2, the structure is distorted creating 
amorphous regions (3x1015 – 8x1015 α-decay events/mg), and in stage 3 at > 8x1015 
α-decay events/mg the structure of the grain becomes irregular. In addition, the 
process of metamictisation can induce fractures in the grain (Chakoumakos et al., 
1987; Lee and Tromp, 1995) that can facilitate trace element mobility and impact the 
U-Th-Pb system. 
Crystal-plastic deformation can also modify the chemical composition of 
zircon grains by producing microstructures that act as fast-diffusion pathways for 
trace elements (Reddy et al., 2006; Timms et al., 2006; Reddy et al., 2007; Piazolo et 
al., 2012). This deformation results from the distortion of the crystal lattice by an 
external force and has been shown to also modify the cathodoluminescence (CL) 
response of the zircon grain (Reddy et al., 2006; Timms et al., 2006; Reddy et al., 
2007; Timms and Reddy, 2009). 
Metamorphic zircon may form by the growth of new zircon, by the 
recrystallisation of pre-existing zircon or by alteration (Rubatto, 2017), in the 
presence or absence of fluids (Vonlanthen et al., 2012; Rubatto, 2017). New growth 
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has a different composition from the pre-existing grain, forms sharp boundaries and 
it is restricted by the Zr concentration in the system the grain is in (Martin et al., 
2008; Kohn et al., 2015; Rubatto, 2017). Commonly, recrystalization involves a 
change in chemical composition at subsolidus (Vonlanthen et al., 2012; Rubatto, 
2017). Alteration is defined as a disturbance to the pre-existing zircon while 
preserving its chemical composition (Rubatto, 2017). 
Recent studies have found that during weathering, areas damaged by 
radiation in zircon grains can incorporate trace elements into its structure by 
weathering-fluids (Pidgeon et al., 2013; Pidgeon et al., 2019). The incorporation and 
deposition of trace elements (Fe, Ca, Al, Y, U and Th) was identified to occur in 
fractures and mineralized zones within the zircon grains, suggesting a recent U-gain 
instead of Pb-loss (Pidgeon et al., 2019). 
To correctly interpret the geochemical and geochronological data from 
detrital zircon, the effect of such processes during the complex geological evolution 
of the grain needs to be understood. This research uses atom probe tomography 
(APT) and transmission electron microscopy (TEM), in conjunction with 
conventional techniques, to obtain the nanogeochemistry of several textural 
subdivisions within a metamorphosed detrital zircon grain from the Lalla Rookh 
Sandstone of the Pilbara craton. The aim of this research is to isolate and compare 
the chemistry of the complex textures to understand the formation and evolution of 
the grain. This research also explores what influence the different textures of the 
zircon grain have on the yield of the APT specimens. 
 
Geologic settings 
To establish the interaction of metamorphism, hydrothermal alteration and 
weathering on detrital zircon, we undertook a detailed and systematic analysis of a 
single detrital zircon from the Lalla Rookh Sandstone (LRS), Australia. The LRS is 
located within the East Pilbara granite-greenstone terrane of the Pilbara craton in 
Western Australia (Fig. 3.1) and belongs to the De Grey Supergroup (Krapez and 
Barley, 1987; Van Kranendonk et al., 2002; Van Kranendonk, 2008). This terrane 
consists of round shaped granitoid complexes, greenstone belts and greenstone 
complexes (volcano-sedimentary rocks) (Van Kranendonk et al., 2002). 
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The LRS lies above the Warrawoona Group, Soanesville Group and granitoid 
batholiths (Fig. 3.1a) and it is unconformably overlain by the Lower Proterozoic 
Fortescue Group (Geoscience Australia and Australian Stratigraphy Commission, 
2017; Stüeken and Buick, 2018). LRS belongs to one of the greenstone complexes 
and it is bound by unconformities and high-angle faults (Krapez and Barley, 1987; 
Geoscience Australia and Australian Stratigraphy Commission, 2017; Stüeken and 
Buick, 2018). The age of the LRS is poorly constrained to ~3000 Ma based on 
tectonostratigraphic correlations to the 2991 ± 12 Ma Whim Creek Group (Krapez 
and Barley, 1987; Barley et al., 1994). 
The 2-3 km thick Lalla Rookh Sandstone contains sediments from braided 
streams, lacustrine, fan deltas and alluvial fan deposits (Fig. 3.1b) (Krapez and 
Barley, 1987; Stüeken and Buick, 2018). Its lithology is mostly sandstones and 
conglomerates, with up to 85% of the sequence being sandstones (Krapez and 
Barley, 1987; Geoscience Australia and Australian Stratigraphy Commission, 2017). 
The environment of the Lalla Rookh Sandstone is interpreted to be a low-strain and 
low-grade metamorphic (sub-greenschist facies) (Krapez and Barley, 1987; Stüeken 
and Buick, 2018). 
 
Analytical methodology 
The sample used in this study (AW 18-7-15-6), is a coarse pebbly sandstone 
collected from an alluvial fan deposit of the Lalla Rookh Sandstone. The sample was 
fragmented using a SelFrag high-voltage pulse, power fragmentation instrument and 
individual grains were separated with heavy liquids (sodium polytungstate - 2.82 
g/cm3) and a Frantz magnetic separator, all instruments located at Curtin University, 
Western Australia. Zircon grains were then handpicked and fixed in a 1” round using 
epoxy. The sample was polished using standard mechanical diamond polishing 
techniques and was then polished with 60 nm colloidal silica on a Vibromet II 
polisher. The sample was then coated with a 5 nm layer of carbon. Zircon grains 
were imaged using secondary electron (SE), backscattered electron (BSE) and CL 
with a Tescan MIRA3 field emission (FE) scanning electron microscopy (SEM) and 
a Tescan LYRA3 focused ion beam (FIB) SEM, both housed in the John de Laeter 
Centre at Curtin University, Western Australia. SE and BSE images were collected 
using an accelerating voltage of 20 kV and beam current of 0.5 nA at a working 
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distance of 15 mm, whilst CL imaging was undertaken using 12 kV and at a working 
distance of 16 mm. From these data, a single zircon grain (002) was selected for 
further analysis based on its complex textural features (Fig. 3.2). 
Microstructural analysis by electron backscatter diffraction (EBSD) was 
conducted with the Tescan MIRA3 FE-SEM, using an accelerating voltage of 20 kV, 
beam current of ~0.8 nA, working distance of 20 mm, and 70º sample tilt. Electron 
backscatter diffraction patterns (EBSPs) were collected using a Nordlys Nano high-
resolution detector and Oxford Instruments AZtec 4.0 SP2 software. The EBSD 
analysis of the zircon grain was collected using a 500 nm step size providing 
~150,000 EBSPs. All EBSD maps were processed using the Tango module of the 
Oxford Instruments Channel5 software (version 5.12.72). The data were noise 
reduced using typical wild spikes and 6 nearest neighbour zero solutions. Different 
maps are used to illustrate the microstructures within the grain (Fig. 3.2a,c). Band 
contrast (BC) maps shows the quality of the EBSPs and texture component (TC) 
maps are used to display the crystallographic variations within the grain with respect 
to a user-defined reference point (for more details see Reddy et al., 2007). 
Laser-Raman spectroscopy was used to study the internal structure of the 
zircon grain. The spectra were acquire using a Horiba Scientific LabRam HR800 
Raman spectrometer with the 532.18 nm line of a ~30 mW Nd:YAG laser. This 
instrument is housed at the Institute of Geosciences and Meteorology of the 
University of Bonn, Germany. A 50X objective with a numerical aperture of 0.7 was 
used, yielding a lateral spot size at sample surface of about 1 µm. The spectral 
resolution was 3.5 cm-1 and a confocal hole of 300 µm was used. The Raman light 
was dispersed by a grating of 600 grooves per mm. The Ne line at 1707.06 cm-1 was 
used to correct any spectrometer drift during the mapping procedure. The size of the 
imaged area was 101 x 101 µm2 with a pixel spacing of 2 µm. Gauss-Lorentz and a 
2nd order polynomial functions were used for fitting the Raman spectra in the 
frequency range between 700 and 1200 cm-1. The measured band width 
(FWHMmeas) was corrected for the finite spectrometer entrance slit (100 µm) using 
the formula: 
𝐹𝑊𝐻𝑀𝑐𝑜𝑟𝑟 = 𝐹𝑊𝐻𝑀𝑚𝑒𝑎𝑠(1 − (𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑊𝐻𝑀𝑚𝑒𝑎𝑠⁄ )
2) 
where FWHM means full width at half maximum (Tanabe and Hiraishi, 1980). 
The electron microscopy techniques outlined above were used to identify 
target areas in zircon grain 002 for APT and TEM analyses. Once regions of interest 
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had been identified, atom probe specimens were prepared using a 30 kV Ga+ sourced 
FIB-SEM. The details of the sample preparation process are given elsewhere (Reddy 
et al., 2020), and involved electron deposition of Pt buttons at the site selected for 
atom probe specimen, followed by the FIB deposition of a ~200 nm thick platinum 
protection layer. The region of interest was milled as a wedge and atom probe 
specimens were sequentially welded onto the post of prefabricated silicon carrier 
microtip. Each specimen was then individually sharpened by a series of annular 
milling steps to shape each specimen into a < 100 nm diameter sharp needle. A final 
5 kV annular mill was used to remove the damage caused by the 30 kV Ga+ ion beam 
during standard milling. The APT specimens were labelled following a conventional 
naming protocol, where each specimen is represented by MX, where X represent the 
number of the specimen. To distinguish between different carriers (also known as 
coupons), a ‘*’ was added to some of the specimens (e.g. M7 vs. M7*). A total of 31 
APT specimens were prepared and analysed in this study. 
Laser-assisted APT analyses were performed with a Cameca LEAP 4000X 
HR at the Geoscience Atom Probe Facility housed in the John de Laeter Centre at 
Curtin University. APT is a three-dimensional (3D) analytical technique that 
provides the location and identity of field-evaporated ions using time-of-flight mass 
spectrometry and a position sensitive detector. A combination of a ultra-high 
vacuum, cryogenic temperature, an applied voltage, and pulsed laser is used to 
trigger field evaporation and ionisation of the atoms from the tip of the needle 
specimen, resulting in positive ions accelerated towards the position sensitive 
detector. Details of the APT instrumentation and analytical protocols are given by 
Reddy et al. (2020). The processing and reconstruction of the APT data was 
undertaken using Cameca Integrated Visualization & Analysis Software (IVAS) 
version 3.8.2. During these processes, the positions of the ion-hit are converted into 
3D spatial coordinates and the chemical identities of the ions are determined. In-
depth description of these processes can be found elsewhere (Kelly and Larson, 
2012; Larson et al., 2013a; Larson et al., 2013b). Details of the acquisition, 
processing and reconstruction parameters used in this study are given in Table 3.1. 
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Table 3.1 APT data acquisition settings for the specimens. 
Data set 
/specimen 
M9*   M10* M11*    M1    M2    M3    M4     M8* 
Regions dark core 
interface (dark 
– light core) 
Instrument Model LEAP 4000X HR 
Instrument Settings        
Laser wavelength (nm) 355 
Laser pulse energy (pJ) 400 400 400 300 250 250 250 400 
Pulse frequency (kHz) 200 200 200 250 250 250 250 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.005 0.005 0.01 0.005 0.004 0.005 0.01 
Nominal flight path (mm) 382 
Set point temperature (K) 70 60 70 50 80 80 80 70 
Sample temperature (K) 80.7 69.2 80.6 57.3 87.8 - 92 80.7 
Chamber pressure  
(e-10 Torr) 
1.4 1.3 1.4 1.8 2.2 1.9 1.9 1.4 
Data Summary         
LAS Root version 15.41.342l 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 87,229 3 
million 
1.5 
million 
219,398 776,821 955,951 257,274 194,976 
% Single 60.8 78 76.4 76.4 70.3 71.1 75.9 56.4 
% Multiple 37.5 21.2 22.8 20.8 27.9 26.4 21.2 40.9 
% Partial 1.7 0.7 0.8 2.8 1.8 2.6 2.9 2.6 
Volt./bowl corr. peak 
(Da) 
32 16 16 32 32 32 32 69 
Mass Calib. 
(peaks/interp.) 
7/Lin. 12/Lin. 8/Lin. 7/Lin. 8/Lin. 8/Lin. 8/Lin. 6/Lin. 
*(M/ΔM) 527.9 1052.7 1127.1 723.6 975.2 920.0 950.4 718.0 
**(M/ΔM10) 23.6 204.8 231.2 76.6 167.9 129.6 130.2 152.2 
Time independent 
background (ppm/ns) 
218.046 32.814 42.433 85.225 169.235 252.382 162.979 33.019 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 3787 5559 5516 2133 4635 2818 3443 1000 
V final (V) 4014 7456 6531 2164 5425 4360 4430 2457 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = interpolation; Lin. = 
linearization method; Avg. = average; F = Fractured; NF = not fractured; - = not recorded  
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Data set 
/specimen 
M6* M7* M5 M7 M8a M9 M10 M19 M20 
Regions light core 
Instrument 
Model 
LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
400 400 250 300 300 250 250 250 250 
Pulse frequency 
(kHz) 
250 200 250 250 250 250 250 250 250 
Evaporation 
control 
Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.005 0.006 0.007 0.006 0.005 0.005 0.005 0.005 
Nominal flight 
path (mm) 
382 
Set point 
temperature (K) 
70 70 80 80 80 80 80 80 80 
Sample 
temperature (K) 
80.7 80.7 92 92 92 92 91.4 92 92 
Chamber pressure 
(e-10 Torr) 
1.4 1.4 2.0 1.9 2.1 2.0 2.1 2.4 1.8 
Data Summary          
LAS Root version 15.41.342l 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 2.5 
million 
55 
million 
72 
million 
4 
million 
3.5 
million 
55 
million 
63 
million 
94 
million 
76 
million 
% Single 78 77.7 72.3 71.2 82.9 74.1 74.7 73.9 73.4 
% Multiple 21.2 21.8 27 27.9 15.9 25.1 24.5 25.3 25.9 
% Partial 0.7 0.5 0.7 0.9 1.2 0.8 0.8 0.7 0.7 
Volt./bowl corr. 
peak (Da) 
16 
Mass Calib. 
(peaks/interp.) 
12/Lin. 8/Lin. 11/Lin. 10/Lin. 10/Lin. 10/Lin. 10/Lin. 10/Lin. 11/Lin. 
*(M/ΔM) 1062.9 1005.3 1030.0 1011.3 1032.2 1026.6 1007.7 1022.6 1024.0 
**(M/ΔM10) 198.7 199.4 198.9 182.6 197.2 196.9 197.2 194.2 197.8 
Time independent 
background 
(ppm/ns) 
32.403 35.757 53.890 56.053 92.711 66.305 68.514 69.673 64.773 
Reconstruction          
Final specimen 
state 
F NF NF F F NF NF NF NF 
Pre-/post-analysis  
imaging 
SEM 
Radius evolution model ‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field (V/nm) 32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 5141 6004 5417 6140 5952 5490 5787 6199 5222 
V final (V) 7427 10017 10032 7325 6102 10028 10025 9759 9526 
aAPT instrument encountered a noise problem that corrupted the data. 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = interpolation; Lin. = 
linearization method; Avg. = average; F = Fractured; NF = not fractured 
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Data set 
/specimen 
M3* M12 M16 M4* M5* M14a M15 M17 M18 
Regions light rim 
interface 
light – 
grey rim 
grey rim 
Instrument 
Model 
LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
400 400 300 400 400 400 250 250 250 
Pulse frequency 
(kHz) 
250 200 250 200 200 200 250 250 250 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.008 0.005 0.005 0.005 0.005 0.005 0.005 0.01 0.005 
Nominal flight 
path (mm) 
382 
Set point 
temperature (K) 
50 70 80 70 70 60 80 80 80 
Sample 
temperature (K) 
57.3 80.7 92 80.7 80.7 69.2 88.5 92 92 
Chamber pressure 
(e-10 Torr) 
1.3 3.1 1.9 2.0 1.5 1.7 5.2 1.9 1.8 
Data Summary          
LAS Root version 15.41.342l 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 6 
million 
2 
million 
756,246 
25 
million 
1 
million 
4 
million 
6 
million 
263,060 
3 
million 
% Single 75.7 76.9 75.9 74.5 73.1 80.3 71.5 83.8 70.9 
% Multiple 23.7 21.6 22.6 24.9 25.9 16 27.5 13.4 28 
% Partial 0.6 1.5 1.5 0.6 1 3.6 1 2.8 1.1 
Volt./bowl corr. 
peak (Da) 
16 
Mass Calib. 
(peaks/interp.) 
12/Lin 7/Lin. 9/Lin. 11/Lin 10/Lin 7/Lin. 6/Lin. 9/Lin. 11/Lin. 
*(M/ΔM) 1041.5 1013.1 1018.7 999.7 1017.3 1015.4 1005.5 1026.8 1020.8 
**(M/ΔM10) 208.6 207.5 199.3 178.1 123.4 195.8 186.5 188.5 196.8 
Time independent 
background 
(ppm/ns) 
29.117 51.134 99.324 24.082 28.238 41.048 85.380 180.369 98.490 
Reconstruction          
Final specimen state F F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic 
volume (nm3) 
0.01076 
V initial (V) 5244 4396 3882 4306 4167 4826 5636 2870 4207 
V final (V) 6459 4576 4891 7794 4912 5345 6659 3439 6037 
aAPT instrument encountered a noise problem that corrupted the data. 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = interpolation; Lin. = 
linearization method; Avg. = average; F = Fractured; NF = not fractured 
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Data set /specimen M13 M1* M2* M21 M22 
Regions dark rim 
Instrument Model LEAP 4000X HR 
Instrument Settings      
Laser wavelength (nm) 355 
Laser pulse energy (pJ) 400 300 250 250 250 
Pulse frequency (kHz) 200 250 200 250 250 
Evaporation control Detection rate 
Targeted det. rate (ions/pulse) 0.005 0.01 0.005 0.01 0.008 
Nominal flight path (mm) 382 
Set point temperature (K) 70 50 50 80 80 
Sample temperature (K) 80.7 56.5 57.3 91.8 92 
Chamber pressure (e-10 Torr) 2.0 2.1 1.3 3.0 1.7 
Data Summary      
LAS Root version 15.41.342l 
CAMECAROOT version 18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 1.5 
million 
844,755 430,287 223,377 173,871 
% Single 77.7 73.8 68 79.8 81.3 
% Multiple 21 24.6 30.7 16.3 13.3 
% Partial 1.3 1.6 1.4 3.9 5.5 
Volt./bowl corr. peak (Da) 16 32 32 32 12 
Mass Calib. (peaks/interp.) 9/Lin. 10/Lin. 10/Lin. 10/Lin. 4/Lin. 
*(M/ΔM)  1020.1 972.6 940.5 1054.6 719.3 
**(M/ΔM10) 207.4 169.6 172.6 177.7 69.8 
Time independent background 
(ppm/ns) 
64.217 85.897 88.175 157.410 147.428 
Reconstruction      
Final specimen state F F F F F 
Pre-/post-analysis imaging SEM 
Radius evolution model ‘Voltage’ 
Field factor (k) 3.3 
Image compression factor 1.65 
Assumed E-field (V/nm) 32 
Detector efficiency 0.36 
Avg. atomic volume (nm3) 0.01076 
V initial (V) 4588 4414 4091 4113 3658 
V final (V) 5051 9003 5145 4775 3739 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = interpolation; Lin. = 
linearization method; Avg. = average; F = Fractured; NF = not fractured 
 
From the resulting APT reconstruction, the bulk composition was obtained 
from the mass spectrum of each of the specimens (of the entire dataset), covering the 
different textural regions within the zircon grain. IVAS was used to calculate the 
standard deviation of the bulk composition values by obtaining the square root of the 
number of background-corrected counts. User-defined chemical isoconcentration 
surfaces were used to delineate high solute contents (clusters) within the 
reconstructed data to estimate their morphology and chemical composition. Each 
isotopic Pb count within the clusters was background corrected along with its 
uncertainties. 
The TEM foil was manufactured with the FIB-SEM using 30kV Ga+ ion 
beam. A Pt layer of ~2.5 µm was deposited onto the region of interest to protect it 
65 
from the beam damage. The extracted foil was mounted into a copper half-grid, 
thinned down to ≤ 100 nm and cleaned up with 2 kV ion beam. The 80 nm thick and 
12 µm long TEM foil made contained parts of the core, the rim and a fracture that cut 
across both parts. Bright field (BF), dark field (DF) and high-angle annular dark-field 
(HAADF) scanning transmission electron microscopy (STEM) images were 
collected with a FEI Talos FS200X FEG TEM, housed in the John de Laeter Centre 
at Curtin University. Diffraction images and TEM-EDS data were also acquired to 
characterise the structure of the material and obtain elemental maps. The TEM 
instrument was operated at 200 kV. 
U-Th-Pb geochronology data was acquired using sensitive high resolution ion 
microprobe (SHRIMP) II housed in the John de Laeter Centre at Curtin University. 
Four analyses were performed on the grain using a 30 µm diameter spot with ~2.0 
nA primary beam. The raw data was calibrated against zircon standards CUYZ 
(238U/206Pb age = 569 Ma, 207Pb/206Pb age = 570 Ma, U = 583 ppm and Th = 83 ppm) 
and OGC (207Pb/206Pb age = 3465 Ma). Twenty analyses of the CUYZ standard were 
obtained during the session, of which 19 indicated an external spot-to-spot 
(reproducibility) uncertainty of 1.8% (1σ) and a 238U/206Pb* calibration uncertainty 
of 0.5% (1σ) (* indicates a 204Pb corrected Pb value). Common Pb corrections were 
applied to all analyses using contemporaneous isotopic compositions determined 
according to the model of Stacey and Kramers (1975). OCG yielded a 207Pb/206Pb 
age =3462 ± 4 Ma with a mean square weighted deviation (MSWD) of 1.57, which is 
within the accepted range of uncertainty (3465 Ma) (Stern et al., 2009) and therefore 
no correction for fractionation on the 207Pb/206Pb ratio was necessary. Data reduction 
and age calculations were done using SQUID 2 and Isoplot 3.75 software (Ludwig, 
2009, 2012). 
 
Results 
Textural variations 
CL imaging reveals complex compositional variations within zircon grain 
002. These variations define a clear core and rim structure, but these two features are 
also compositionally heterogeneous (Fig. 3.2a-b). The core comprises a CL-dark, 
lower BC region that shows alternating bands of darker, low BC zircon and lighter, 
higher BC zircon that has the general appearance of growth zoning (dark core in Fig. 
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3.2b). This is surrounded by a CL-light, higher BC, homogenous core region (light 
core in Fig. 3.2b). The interface between the two core regions is irregular (Fig. 3.2a-
b). 
The zircon rim reveals far more complex CL variations. A zone in the upper 
right of the grain (Fig. 3.2a-b) has higher BC and CL characteristics that have the 
appearance of growth zoning. However, the most obvious feature of the rim is the 
patchy CL pattern that by enlarge radiate from fractures that transect the rim (Fig. 
3.2b). These fractures crosscut both the core and rim of the zircon grain and appear 
to radiate outwards (Fig. 3.2), but they only appear to modify CL in the rim. The 
patchy CL comprises an intermediate CL-grey zircon closest to the fractures that 
texturally overprints a dark CL zircon that represents the primary CL signal of the 
rim zircon. The interface between the dark and intermediate CL rim zircon is CL-
bright (Fig. 3.2b). The dark CL of the rim corresponds to regions of very low BC 
(c.f. Fig. 3.2a and b), that do not index during EBSD analysis (Fig. 3.2c). Regions of 
the zircon that do index include the dark CL regions of the core and rim (Fig. 3.2c). 
The well indexed regions of the grain show no significant orientation with a variation 
accumulated misorientation of 5º, indicating that the grain is not internally deformed 
by crystal plastic deformation processes (Fig. 3.2c). 
From the Raman data, colour-coded Raman images were made for the 
intensity, frequency and width of the v3(SiO4) band of zircon (Fig. 3.3a-c), as well as 
the intensity of the 637 cm-1 band (Fig. 3.3d). These images were made to show the 
degree of structural disorder in the grain. The intensity of the v3(SiO4) and the 637 
cm-1 bands is the highest in the light core region and parts of the rim (Fig. 3.3a,d), 
which correspond to regions with a low width of the v3(SiO4) band of zircon. The 
dark core region has low intensity and high width of the v3(SiO4) band. The 
frequency of the v3(SiO4) band is irregular with the boundaries of the grain and the 
growth zoning in the dark core having the highest values (Fig. 3.3b). Two Raman 
spectra were taken from the grain for comparison, one from the light core region and 
the other from the rim region (Fig. 3.3c,e). The spectrum from the light core region 
has a higher intensity and narrower width than the spectrum from the rim region. 
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Nanoscale analyses 
HAADF imaging of the TEM foil reveals differences in intensities in both the 
core and rim, although more variation was seen in the rim region (Fig. 3.4). At higher 
resolution BF images, voids of ~50 nm were identified in the core–rim interface and 
the darker region in the rim from the HAADF image (Fig. 3.4b-d). Electron 
diffraction taken from two regions in the rim revealed a crystalline pattern for both 
regions (Suppl. Fig. 3.1). 
TEM-EDS maps show a heterogeneous distribution of element within the 
core and rim (Fig. 3.4d,3.5). These include higher concentrations of trace elements 
(Ca, Fe, Y) in darker areas from the HAADF image of the rim and core (Fig. 3.4d), a 
higher concentration of Fe in the rim than the core, and higher concentration of Ca, 
Fe and Y in the core–rim interface (Fig. 3.5). However, the chemical variation in the 
core occurs only next to the fracture, while in the rim it was found all around. This 
variation included an increase of Si, Zr and Hf in the light areas of the HAADF 
image in Fig. 3.4d, while in the darker areas the concentration of Y, Fe and Ca 
appeared enhanced. In addition, the concentration of Fe was found to be much higher 
in the rim region than the core (Fig. 3.5). 
The fracture in the foil that cuts across the core and the rim, show enrichment 
in Ca, Fe, Y, Ce, Th and U, indicating that the fracture is a site of chemical 
modification (Suppl. Fig. 3.2). Higher resolution STEM images and EDS maps of the 
fracture revealed a chemical variation along the fracture (Fig. 3.5). The trace element 
enhancement along the fracture appears to be more enriched on the core side of the 
fracture, except for Fe. Trace amounts of Nd and Yb were also identified in the EDS 
mass spectra of the fracture at the interface. 
From the five regions of interest targeted for APT (Fig. 3.2d), a total of 31 
specimens were made, covering all the compositional and textural variations within 
the grain, as identified from the CL and BC imaging. All 31 samples were analysed 
by APT. Of these, 25 specimens fractured during the analysis and only 6 specimens 
remained intact at the end of the analysis (Table 3.1). Despite this failure rate, 16 
specimens yielded sufficient counts (>1.5 M ions) to be used for geochemical 
analysis (Table 3.2).  
68 
Table 3.2 APT chemical data in at.% 
 M6*  M7*  M5  M7  M9  M10  
Light core 
O 61.90 0.12 61.20 0.03 62.94 0.02 63.60 0.10 62.24 0.03 61.99 0.03 
Si 14.91 0.05 16.76 0.01 16.31 0.01 15.98 0.04 16.43 0.01 16.48 0.01 
Zr 19.30 0.06 17.80 0.01 17.74 0.01 18.14 0.05 17.78 0.01 17.72 0.01 
Hf 0.163 0.005 0.151 0.001 0.149 0.001 0.165 0.004 0.155 0.001 0.154 0.001 
Li 0.0086 0.0011 0.0138 0.0003 0.0091 0.0002 0.0096 0.0010 0.0127 0.0003 0.0141 0.0003 
Be - - - - - - - - - - - - 
Mg - - - - - - - - - - - - 
Al 0.0055 0.0009 - - - - - - - - - - 
P 0.0311 0.0021 0.0140 0.0003 0.0143 0.0003 0.0138 0.0012 0.0137 0.0003 0.0153 0.0003 
Ca 0.0086 0.0011 0.0133 0.0003 0.0084 0.0002 0.0040 0.0006 0.0106 0.0003 0.0110 0.0003 
Mn - - - - - - - - - - - - 
Fe - - - - - - - - - - - - 
Y 0.0322 0.0021 0.0192 0.0004 0.0170 0.0003 0.0267 0.0017 0.0204 0.0004 0.0175 0.0003 
Pb 0.0050 0.0008 0.0050 0.0002 0.0046 0.0002 0.0085 0.0009 0.0046 0.0002 0.0055 0.0002 
Ce 0.0020 0.0005 0.0035 0.0002 0.0028 0.0001 0.0055 0.0008 0.0030 0.0001 0.0028 0.0001 
Yb - - - - - - - - - - - - 
U 0.0028 0.0006 0.0043 0.0002 0.0011 0.0001 0.0039 0.0006 0.0020 0.0001 0.0034 0.0001 
 
 M19  M20  M10*  M11*  M3*  M12  
 Light core Dark core Light rim 
O 62.72 0.02 63.02 0.02 60.74 0.11 61.20 0.17 61.95 0.08 63.17 0.15 
Si 16.36 0.01 16.30 0.01 15.88 0.05 11.99 0.06 15.18 0.03 16.65 0.07 
Zr 17.67 0.01 17.76 0.01 18.39 0.05 18.81 0.079 18.80 0.04 18.79 0.07 
Hf 0.154 0.001 0.155 0.001 0.176 0.005 0.198 0.008 0.179 0.003 0.171 0.006 
Li 0.0093 0.0002 0.0224 0.0003 0.0189 0.0015 0.0040 0.0011 0.0300 0.0013 0.0208 0.0022 
Be - - - - 0.0056 0.0008 0.0077 0.0015 - - - - 
Mg - - - - 0.0031 0.0006 0.0032 0.0010 - - - - 
Al - - - - 0.0111 0.0012 0.2449 0.0083 - - - - 
P 0.0127 0.0002 0.0128 0.0003 0.0263 0.0018 0.3236 0.0096 0.0407 0.0015 0.0195 0.0021 
Ca 0.0090 0.0002 0.0079 0.0002 0.0256 0.0018 0.1049 0.0054 0.0056 0.0006 0.0148 0.0018 
Mn - - - - 0.0124 0.0012 0.0219 0.0025 - - - - 
Fe - - - - 0.0114 0.0012 0.0484 0.0037 - - - - 
Y 0.0192 0.0003 0.0193 0.0003 0.0358 0.0021 0.2628 0.0086 0.0315 0.0014 0.0318 0.0027 
Pb 0.0045 0.0001 0.0043 0.0001 0.0173 0.0015 0.0339 0.0031 0.0124 0.0009 0.0158 0.0019 
Ce 0.0028 0.0001 0.0029 0.0001 0.0229 0.0017 0.1104 0.0056 0.0386 0.0015 0.0092 0.0015 
Yb - - - - 0.0036 0.0007 0.0119 0.0018 - - - - 
U 0.0030 0.0001 0.0032 0.0001 0.0223 0.0017 0.0568 0.0040 0.0178 0.0010 0.0173 0.0020 
 
   M4*  M15  M18  M13  
 Grey rim Dark rim 
O 61.95 0.04 63.33 0.08 63.50 0.12 62.54 0.17 
Si 15.14 0.02 15.41 0.03 15.11 0.05 16.72 0.07 
Zr 17.64 0.02 17.54 0.04 17.75 0.06 18.70 0.08 
Hf 0.141 0.001 0.173 0.003 0.167 0.005 0.189 0.007 
Li 0.0053 0.0003 0.0151 0.0010 0.0230 0.0018 0.0187 0.0023 
Be - - - - - - - - 
Mg - - - - - - - - 
Al 0.0129 0.0004 0.0121 0.0009 - - - - 
P 0.0436 0.0008 0.0351 0.0015 0.0343 0.0022 0.0231 0.0025 
Ca 0.0120 0.0004 0.0089 0.0008 0.0027 0.0006 0.0099 0.0016 
Mn 0.0073 0.0003 0.0054 0.0006 - - - - 
Fe 0.0200 0.0005 0.0178 0.0011 - - - - 
Y 0.0357 0.0007 0.0415 0.0016 0.0308 0.0021 0.0422 0.0034 
Pb 0.0103 0.0004 0.0121 0.0009 0.0153 0.0015 0.0178 0.0034 
Ce 0.0518 0.0009 0.0356 0.0015 0.0277 0.0019 0.0098 0.0016 
Yb 0.0005 0.0001 - - - - - - 
U 0.0143 0.0005 0.0129 0.0009 0.0024 0.0006 0.0079 0.0015 
- Below detection limit 
Uncertainties are based on counting statistics and are shown in 2σ 
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From these specimens around 480 million ions were detected in total. 
Representative examples of the APT spectra from the different regions are shown in 
Fig. 3.6 and Suppl. Fig. 3.3. These mass spectra show a variety of trace elements that 
are commonly associated with primary substitutions in the zircon lattice (e.g. Hf, Y, 
P, U), radiogenic decay of U (Pb) and chemical alteration of zircon (e.g. Fe, Ca). 
However, the data also reveal interstitial trace elements (Be, Li, Mg and Al), whose 
geochemical significance is largely unclear. The major, minor and most of the trace 
elements show a homogenous distribution in each of the 16 specimens, with Pb being 
the only element to show evidence of segregation. The highest concentration of trace 
elements is found in the dark core region, except for Li which is highest in the light 
rim (Fig. 3.7). The elements U and Pb were the lowest in the light core specimens. 
Apart from Ce and Yb, the other REE were not identified in the data set. 
Three of the atom probe specimens from the light core region contained a 
total of five Pb clusters, each ~10 nm in diameter (Fig. 3.8). No other element was 
enriched in the clusters. The concentration of 207Pb and 206Pb within the clusters 
yields 207Pb/206Pb isotopic ratio ranging from ~0.660 to 0.992 (Table 3.3). Although 
the clusters are broadly spherical, two of the clusters (III and IV in Fig. 3.8) show a 
flattened upper surface. This represents an artefact associated with either the 
different evaporation fields of the host zircon and the Pb cluster or the 
reconstruction. Such artefacts do not influence the calculation of Pb ratios (Peterman 
et al., 2016). Using the 207Pb/206Pb ratio of all the Pb clusters yields a model age of 
3435 ± 372 Ma (2σ). This age was based on the total corrected 207Pb/206Pb ratio and 
the crystallization age obtain from the SHRIMP data (see below). 
Table 3.3 APT chemical data from Pb clusters 
Specimen Cluster 
Pb counts 
Corr. 207Pb/206Pb 206Pb 207Pb 
M5 I 97 64 0.660 ± 0.216 
M5 II 112 82 0.732 ± 0.215 
M5 III 43 33 0.766 ± 0.359 
M10 IV 120 119 0.992 ± 0.260 
M19 V 71 69 0.972 ± 0.334 
Total 443 367 0.828 ± 0.118 
Calculated reservoir age 4972 ± 204 Ma (2σ) 
Correct reservoir age* 3435 ± 372 Ma (2σ) 
Corr. = background corrected. 
*=corrected using SHRIMP crystallization age (3531 ± 12 Ma) 
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U-Pb geochronology 
Four analyses were conducted on the zircon grain using the SHRIMP (Table 
3.4 and Figs. 3.2d and 3.9). Two analyses focused on the core (1.2 and 1.4) and two 
on the rim (1.1 and 1.3). One concordant analysis gave a 207Pb/206Pb age of 3295 ± 6 
Ma (2σ), and the weighted average 207Pb/206Pb age of the analyses from the core gave 
an age of 3531 ± 12 Ma (n=2, MSWD = 1.5, 2σ). The Concordia diagram made from 
the SHRIMP data also points to a recent event that caused either Pb-loss or U-gain 
(Fig. 3.9). 
 
Table 3.4 Zircon U-Th-Pb isotopic SHRIMP data 
spot 
U 
(ppm) 
Th 
(ppm) 
Th/U 
% 
comm 
206Pb* 
204Pb/ 
206Pb 
208Pb*/ 
232Th 
207Pb*/ 
235U 
206Pb*/ 
238U 
207Pb*/ 
206Pb* 
206Pb*/ 
238U age 
207Pb*/ 
206Pb* 
age 
% 
disc 
1.1 778 2911 3.86 0.09 0.0001 
0.0041± 
0.0002 
23.55± 
0.87 
0.637± 
0.023 
0.2681± 
0.0010 
3177±92 3295±6 5 
1.2 752 1653 2.27 0.83 0.0007 
0.0067± 
0.0005 
7.74± 
0.38 
0.180± 
0.009 
0.3116± 
0.0026 
1067±48 3529±12 75 
1.3 5826 15674 2.78 8.46 0.0070 
0.0013± 
0.0003 
1.04± 
0.06 
0.027± 
0.001 
0.2825± 
0.0100 
171±6 3377±56 96 
1.4 2486 14278 5.93 4.96 0.0043 
0.0027± 
0.0002 
2.49± 
 0.12 
0.057± 
0.002 
0.3167± 
0.0082 
358±14 3554±40 92 
Ages are listed in Ma and the uncertainties are listed at 2σ. 
comm = common; disc = discordance 
* Indicates a 204Pb corrected Pb value taken after Stacey and Kramers (1975) 
 
Discussion 
Textural characterization 
Zircon grain 002 displays a complexity of textures visible by the different CL 
intensities: a dark metamict core surrounded by a lighter homogenous core, followed 
by a rim with complex zoning (Fig. 3.2). The remanets of growth zoning in the CL-
dark core (Fig. 3.2b) indicate an igneous origin for the zircon grain. Faded or weak 
zoning in zircon is generally considered a secondary texture that indicates a 
metamorphic disturbance to the grain (Hoskin and Schaltegger, 2003). The weak 
primary growth zoning in the CL-dark core (Fig. 3.2b) suggests the structure of 
zircon grain 002 was disturbed by a metamorphic event. The light core region of the 
grain is more crystalline than the surrounding regions, it has a sharp boundary with 
the CL-dark core and lacks growth textures. Based on these observations, the light 
core region formed by recrystallization of the grain. 
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The complex structure of the core and rim conflicts with the possibility of the 
core being detrital and the rim resulting from new growth caused by a younger 
metamorphic event. As previously mentioned, new growth forms sharp boundaries 
and it is restricted by the Zr concentration in the system the grain is in. Since the 
longest part of the rim is ~87 µm, it is difficult understand where did the Zr budget 
originate from if the grain was detrital.  
A more likely scenario is that the rim formed by the recrystallization of the 
pre-existing grain. In addition, the presence of a brighter CL core–rim interface 
indicates that the recrystallization process that formed the rim is the interface-
coupled dissolution-reprecipitation reaction. This mechanism has been described as 
the dissolution of elements along with the reprecipitation of new zircon as the 
interface migrates inward, mediated by a fluid or melt (Geisler et al., 2007). These 
core–rim interfaces have also been seen in zircon grains from ultrahigh pressure and 
temperature metamorphic rocks (Peterman et al., 2019). 
The Raman spectrum from the rim (spectrum 1 in Fig. 3.3e) is less intense 
and broader than the spectrum from the light core (spectrum 2), indicating the rim is 
more metamict than the light core (Nasdala et al., 1995). This interpretation is 
reinforced by the BC map and CL image of the grain (Fig. 3.2a-b). Fractures within 
the CL-light core of the grain have a radial appearance. This pattern of fractures has 
been previously interpreted to form due to lattice expansion associated with 
metamictisation (Chakoumakos et al., 1987; Lee and Williams, 1993). Since the 
fractures appear to nucleate from the CL and BC dark region of the core (dark core in 
Fig. 3.2b), it is inferred that the radial fractures in zircon grain 002 are consistent 
with these previous models. 
The complex zoning seen in the rim (Fig. 3.2b) appears to be the result of an 
interaction of the zircon grain with fluids. In addition, the variation of the CL 
intensities in the rim appear to be related to the fractures, pointing to either 
hydrothermal alteration or contact with weathering solutions via fractures. Fractures 
formed by metamictisation can create fast pathways for trace elements to diffuse in 
and out of zircon grains (Fig. 3.5) (Chakoumakos et al., 1987; Lee, 1995). 
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Evolutional history of the zircon grain 
The integration of a range of analytical techniques has been used to establish 
the geological evolution of a complex, detrital zircon grain that incorporates an 
igneous, metamorphic and alteration history. From the four SHRIMP analyses 
conducted on zircon grain 002, two were from the core and two from the rim (Fig. 
3.2d). The 3531 ± 12 Ma 207Pb/206Pb weighted average age of the analyses from the 
core was interpreted to be the crystallization age of the zircon grain. It is possible 
that the zircon grain originated from the ~3.5 Ga tholeiitic basalts and intermediate–
felsic volcanic rocks from the Coonterunah Group in the East Pilbara granite-
greenstone terrane (Van Kranendonk et al., 2002).  
A concordant 207Pb/206Pb age of 3295 ± 6 Ma was obtained from one of the 
SHRIMP analyses from the rim (1.1 in Fig. 3.9), which is inferred to be the age of 
the metamorphic event that recrystallized the grain by the interface-coupled 
dissolution-reprecipitation replacement process. In other words, ~236 Ma after 
crystallization, the zircon grain was metamorphosed, resulting in the core–rim 
structure. In the East Pilbara granite-greenstone terrane, the formation and uplift of 
the granitoids induced metamorphism to the greenstone belts and complexes around 
3.3 Ga (Van Kranendonk et al., 2002). This event could be the event that 
metamorphosed zircon grain 002. 
From the Pb clusters in the APT specimens, the age of cluster formation was 
calculated by counting the number of 206Pb and 207Pb isotopes within the clusters 
(Table 3.3). With the total Pb isotopic ratio of the clusters (0.828 ± 0.118), a 
207Pb/206Pb age of 4972 ± 204 Ma was obtained. However, this erroneous cluster 
formation age assumes the Pb atoms originated within that space and have not 
migrated since. To correctly calculate the clusters formation age, the Pb isotopic ratio 
and the crystallization age from the SHRIMP data were used, resulting in a corrected 
Pb reservoir age of 3435 ± 372 Ma. This age is interpreted to be the age of a 
metamorphic event that created the core–rim structure and it is within the acceptable 
error range of the SHRIMP concordant age (3295 ± 6 Ma). Hence, it is assumed that 
the metamorphic event that created the core–rim structure also caused Pb to migrate 
and segregate into clusters in the light core. 
After the metamorphic event, the decay of the radioactive elements 
incorporated in the grain as its crystallized damaged sections of the core, resulting in 
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the CL-dark core. Subsequently, the radiation damage created fractures that radiate 
outward, which resulted in fast diffusion pathways for trace elements into and out of 
the zircon grain (Fig. 3.5). This is supported by the discordant points of the SHRIMP 
data (Fig. 3.9), meaning the zircon grain acted as an open system resulting in Pb-loss 
or U-gain. Based on the SHRIMP and TEM-EDS data, it is interpreted that the zircon 
grain had recent U-gain facilitated by the defects within its structure, which produced 
the patchy zoning seen in the rim. Two possible processes that can account for the 
recent U-gain and the patchy textures in the rim are hydrothermal alterations and 
interactions with weathering solutions. The interactions of weathering fluids with the 
radiation damaged regions of zircon grains has been previously shown to decouple 
the U-Pb system (Pidgeon et al., 2013). Based on the results of this research, it is 
challenging to determine which of the processes apply to zircon grain 002. 
 
APT analytical aspects 
APT data was collected from each of component of the zircon grain 002 
textural framework. APT specimen yields from the different textural domains show 
systematic patterns that suggest the yield is correlated with the chemistry. The 
specimens from the light core yielded the highest number of ions and had the lowest 
concentration of P, Y, Pb, Ce and U (Figs. 3.9-3.10). The specimens from the CL-
dark metamict core produced a low number of ions but had the highest concentration 
of all trace elements, except for Li. The specimens from the rim produced less ions 
than the specimens from the light core but more ions than the specimens from the 
CL-dark core. Besides the concentration of Li being the highest in the light rim, there 
is no other correlation for the rim. 
The field-induced stress APT specimens are subjected to during the analytical 
process can sometimes cause the specimens to prematurely fracture or melt down to 
the silicon carrier microtip they are fixed to (Suppl. Fig. 3.4) (Larson et al., 2013b). 
The specimens obtained from zircon grain 002 that did not fracture during the APT 
analysis belong to the light core, which is the crystalline area with low radiation 
damage as well as with the lowest concentration of U (Fig. 3.10). The APT 
specimens from the CL-dark metamict core region fracture prematurely resulting in 
low yield. Despite this, the dark core specimens had the highest concentration of U, 
which was used as a proxy for amount of radiation damage and was backed by the 
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CL, EBSD and Raman data. In other words, it was found that the amount of radiation 
damage could influence the yield of the APT specimens. 
What is more, the TEM analysis revealed the presence of defects (e.g. nano-
voids) in the structure of the zircon grain (Fig. 3.4b-c) with a lesser number of the 
defects in the light core region when compared to the rim. Defects in the structure 
can alter the mechanical properties of the zircon grain, affecting the yield of the APT 
specimen (refer to Chapter 5 for further discussion). 
 
Nano-features and trace element distribution 
The CL, BC and Raman imaging used to establish the textural evolution of 
the zircon grain are proxies for different compositions. However, the scale of 
compositional complexity is so fine that traditional analytical techniques can not 
readily provide quantitative compositional data, particularly for nanoscale features 
and the trace element variations. 
Nanoscale size voids were identified in the core, rim and the core–rim 
interface of the grain (Fig. 3.4). The nano-voids had a heterogeneous distribution in 
the grain, occurring in the darker regions of the HAADF image (atomic number 
contrast) (Fig. 3.4d). These darker regions were more common in the rim and 
interface than in the core. In the core, the darker regions were as related to the 
fracture (Fig. 3.4a). These features are interpreted to have formed because of the 
radiation damage the grain experienced based on the location of the voids. Similar 
features have been found in other studies (micro- and nano-pores), which are 
attribute to chemical modifications of the grains (Tomaschek et al., 2003; Schwartz 
et al., 2010; Courtney-Davies et al., 2019). 
The HAADF images of zircon grain 002 revealed a heterogeneous 
distribution of trace elements in the core, rim and core–rim interface of the grain 
(Figs. 3.4-3.5). The fracture in the TEM foil appears to be sealed and it is enriched in 
Ca, Fe, Y, Ce, Th, U, Nd and Yb, with a higher concentration of those trace elements 
within the core (Fig. 3.5). It is possible that the sealed fractured was healed by a 
reaction between fluids and the fracture, which could explain the trace element 
enhancement along the fracture. The trace element enrichment seen inside the 
fracture is evidence of the fractures in the grain acts as pathway for element 
diffusion. 
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The core–rim interface appears enriched in trace elements, especially Fe and 
Y, also acting as pathway for diffusion through the interface (see Y in Fig. 3.5). 
Since the TEM-EDS (Fig. 3.5) shows there has been U gain in the zircon grain, the 
Th/U ratio obtained from the SHRIMP data (Table 3.4) is not a reliable characteristic 
to identify whether the grain is metamorphic or igneous. 
The elemental analysis results from the APT specimens show different 
concentrations of trace elements from the subdivisions of the grain (Fig. 3.8 and 
Suppl. Fig. 3.5). Trace elements commonly associated with fluid alterations and 
weathering were found in all the APT specimens (e.g. Ca, Al, Fe, Mn and Ce). 
However, the highest concentration of those elements occurs in the metamict dark 
core (Fig. 3.8). Furthermore, the specimens from the dark core had the highest 
concentration of most trace elements, including U and Pb. A possible explanation for 
the high concentration of trace elements in the dark core could be fluid interactions 
with the radiation damage area (Geisler et al., 2003a) facilitated by fractures, defects 
within the core or both (Murakami et al., 1991). 
The specimens from the CL-dark core region had the lowest value for Li. An 
initial a low concentration of Li in the dark core region could explain this. Another 
explanation can be the diffusion of Li. Since Li diffuses much faster than other 
elements in zircon grains (Cherniak and Watson, 2010), it is possible that Li diffused 
out of the metamict core through fractures and defects into the rim, which resulted in 
a low concentration of Li in the APT data set from the dark core. This interpretation 
is supported by the connection between the alteration of the CL intensities observed 
in the rim and the fractures that radiate from the core (Fig. 3.2b), along with a high 
concentration of Li in the light rim area. 
Clusters of Pb were identified in 3 specimens from the light core (Fig. 3.8), 
which is the area that had the lowest concentration of U and Pb from the APT data. 
The presence of the Pb clusters implies there was an event that triggered the 
migration and segregation of Pb in the light core. The known mechanisms proposed 
for Pb clustering at the nanoscale are: diffusion to amorphous domains caused by 
radiation damage (Valley et al., 2014; Valley et al., 2015), dislocation loops formed 
by the annealing of radiation damage (Peterman et al., 2016; Peterman et al., 2019), 
spinodal decomposition within planar features (Peterman et al., 2019), migration of 
dislocations (Piazolo et al., 2016), thermal annealing resulting in metallic Pb to 
separate from other phases (Kusiak et al., 2015), trapping into other clusters formed 
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by exsolution (Seydoux-Guillaume et al., 2019), intersection of dislocations 
(Fougerouse et al., 2019), phase exsolution (Fougerouse et al., 2018) and high-angle 
boundaries (Fougerouse et al., 2019). In addition, Pb clustering has been identified in 
zircon standards annealed by humans to produce a gem-like quality material 
(Reinhard et al., 2018). 
However, the above-mentioned mechanisms cannot explain the Pb clusters 
observed in this research. First, the clusters have an ellipsoidal shape, not the toroidal 
shaped seen in Peterman et al. (2016) and Peterman et al. (2019), which discounts the 
dislocation loops mechanism. There was no other feature identified in the APT 
specimens, ruling out spinodal decomposition within planar features, intersection of 
dislocations and high-angle boundaries (Fougerouse et al., 2019; Peterman et al., 
2019). The clusters are identified as zircon (no absence of Zr, Si and O atoms) 
enriched only in Pb, removing the thermal annealing, trapping into other clusters and 
phase exsolution mechanisms as possibilities (Kusiak et al., 2015; Fougerouse et al., 
2018; Seydoux-Guillaume et al., 2019). 
That leaves the diffusion of Pb to amorphous domains, Pb getting trapped by 
the migration of dislocations and human-induced annealing. The first two are 
possible, although less likely since the Pb clusters were found in the light core, which 
is the more crystalline area (Fig. 3.3c,e), and dislocation should have captured other 
trace elements while migrating, especially interstitial ones. Human-induced 
annealing is not possible since the Pb ratio within the clusters produced an age of 
3435 Ma. 
Apart from thermal annealing and human-induced annealing, all the proposed 
mechanisms for Pb clustering include other trace elements in the clusters. The 
clusters in this research only contain Pb and cannot be explained by any of the 
previously proposed mechanism. Hence, a new mechanism that has not been 
considered previously may be attributed to the clustering of Pb seen in this research. 
Conclusion 
APT and TEM were used in conjunction with conventional analytical 
techniques, to analyse a complex zircon grain from the Lalla Rookh Sandstone to 
understand its formation and evolution. The results from the geochronological 
analyses provide a crystallization age of 3.5 Ga for the zircon grain, followed by a 
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3.3 Ga metamorphic event that created the core–rim structure and caused the 
radiogenic Pb to segregate and cluster in the crystalline core. The complex, patchy 
textures in zircon rim are consistent with a relatively young hydrothermal or 
weathering event that introduced a recent U component to the grain through 
fractures. This U addition is responsible for the gross discordance of U-Pb data 
recovered by SHRIMP analysis. The nanoscale geochemical analyses revealed a 
heterogeneous distribution of trace elements within the zircon grain representative of 
the different processes that have acted on the grain. 
When looking at the APT specimen yield from the different textural 
subdivisions of the grain, it was found that the amount of radiation damage and 
defects (e.g. nano-voids and fractures) caused by the decay of radioactive elements 
disturbs the yield of the APT specimens. Regions with a high amount of radiation 
damage and defects can potentially make the process of acquiring the nano-
geochemical data challenging. This new information can help researchers assess their 
sample prior a nanoscale analysis to determine the best region to investigate. 
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Figures 
 
Figure 3.1 (a) Simplified geological map of the Pilbara Craton and its location in 
Australia. The towns of Port Hedland and Marble Bar were added for orientation. (b) 
Sedimentary units within the Lalla Rookh Sandstone and sample location (star). 
Modified from Stüeken and Buick (2018) and Krapez and Barley (1987). Figure 
incorporates Adobe Illustrator swatches from U.S. Geological Survey (2006). 
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Figure 3.2 EBSD and CL images of the interior of zircon grain 002. (a) EBSD – 
BC map showing the structure of the grain. The white dash line represents the 
boundary between the core and the rim. (b) CL image with the different subdivisions 
of the core and rim. The black dashed line represents the division of the dark and 
light core. (c) EBSD – TC map showing the misorientation of the grain, plus that the 
majority of the accumulated misorientation is < 3º. (d) Same CL image as b but with 
the location of the spots analysed with the different techniques (TEM, APT and 
SHRIMP). 
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Figure 3.3 Colour-coded, hyperspectral Raman images and Raman spectra with 
the subdivisions of the core and the location of the APT and TEM analyses (blue 
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rectangles), including the location of a sample that was dropped during transport 
(green rectangle). (a) Integrated intensity, (b) frequency, (c) width (FWHM) of the 
v3(SiO4) band of zircon and (d) the integrated intensity of a Raman band observed 
near 637 cm-1. (e) The representative Raman spectra extracted from the hyperspectral 
data set shown in (c) 
 
Figure 3.4 STEM images of a TEM foil. (a) HAADF image of the foil 
comprising parts of the core, rim, interface and a fracture that cross both regions. (b-
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c) BF images of the interface with voids pointed by the arrows. (d) HAADF image 
and EDS maps showing chemical variation within the rim. 
 
Figure 3.5 HAADF image and EDS maps of the core–rim interface and a fracture 
seen in Figure 3.4. A chemical variation is highlighted by the different intensities of 
the colours in the maps. Note the higher concentration of trace elements, as well as 
radioactive elements, in the fracture when compared to the surroundings. Notice the 
high concentration of Si in the middle of the fracture. 
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Figure 3.6 Examples of the APT mass spectrums from specimens of different 
regions with zircon grain 002. The trace elements identified with the specimens are 
highlighted for easy comparison. 
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Figure 3.7 Trace elements composition (ppma) from the APT specimens. The 
data is classified into light core (light blue triangle), dark core (purple triangle), light 
rim (yellow circle), grey rim (orange circle) and dark rim (red circle). The dashed 
black rectangles highlight trace elements commonly seen in metamorphic zircon 
grains. The grey area from the upper graph is showed in detail in the lower graph. 
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Figure 3.8 3D reconstruction of the APT specimens that contain Pb clusters. 
Each sphere in the reconstruction represent a single Pb atom. The isoconcentration 
surfaces of each specimen are included and they are based on Pb density compared to 
the rest of the specimen. 
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Figure 3.9 Geochronological SHRIMP data of the zircon grain 002 with a 
concordant age of an analysis, the weighted average from the core analyses, and the 
CL image with the location of each analyses. 
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Figure 3.10 APT specimen yield plot from the different subdivisions, including 
two specimens that were acquired from interfaces (Int.). The concentration of U (in 
ppma) from the APT data was added (red triangles) to show its relationship to the 
yield of the specimens. Notice the connection between the high number of ions, the 
low concentration of U, and the subdivision (light core). 
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Supplementary Material 
 
Suppl. Figure 3.1 (a) HAADF image and (b-c) diffraction patterns from two 
locations withing the rim region. The electron diffraction patterns were found to be 
crystalline with no amorphous pattern seen. 
89 
 
Suppl. Figure 3.2 (a) HAADF and TEM-EDS maps of the healed fracture in the 
(b) core and the (c) rim. 
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Suppl. Figure 3.3 Examples of APT mass spectrums of the different regions with 
the ranges of the major elements. 
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Suppl. Figure 3.4 Examples of the APT specimens before (In-beam SE) and 
after (SE) the APT analysis. (a) Shows APT specimens that did not fracture and 
produced a high yield, while (b) shows a few specimens that fractured. Notice in (b) 
the fracturing events reached down the Si post of the carrier microtip. 
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Suppl. Figure 3.5 Examples of APT 3D reconstructions for several specimens of 
different textural regions. The reconstructions include all elements, the major 
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elements, Si, and, in two cases, the trace elements Ca, Y and U. Besides the 
specimens from the light core region, the reconstructions of the trace elements were 
complicated to illustrate due to the low ion counts, hence they were not included in 
the figure. Only a few were selected for the 3D reconstruction (Ca, Y and U). 
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Introduction 
The trace element composition of zircon has been studied extensively 
because it can be used to understand geological processes of rock formation, 
metamorphism and sedimentation (e.g. Finch and Hanchar, 2003; Harley and Kelly, 
2007; Rubatto, 2017). Nevertheless, there are several processes that can modify the 
trace element composition of zircon (e.g. radiation damage, tectonic deformation, 
and metamorphism) (Cherniak and Watson, 2003; Martin et al., 2008; Piazolo et al., 
2016; Peterman et al., 2019). If not recognized and understood, these modifications 
can affect the reliability of the geochemical and geochronological data. 
Recent studies have shown that during tectonic deformation (crystal plastic 
deformations), resulting microstructures can alter the composition of trace elements 
in the grain (Reddy et al., 2006; Timms et al., 2006; Piazolo et al., 2012). In contrast, 
the effect of shock metamorphism on the distribution of trace elements within zircon 
has not been studied in detail. This disparity could be attributed to the complexity of 
the textures resulting from shock metamorphism that are typically smaller than the 
analytical volume or conventional geochemical microbeam techniques.  
To fill this this gap in knowledge, this chapter explores the suitability of 
several correlative techniques to provide a multiscale structural and geochemical 
analysis. A special emphasis is given for emerging techniques, such as atom probe 
tomography (APT), because it can provide geochemical and isotopic data for 
volumes < 0.02µm3 suitable for the fine shock metamorphism textures (Reddy et al., 
2020). This study also explores the potential of APT to determine the geochronology 
of hypervelocity impact events. 
Implementing a workflow that spans from the microscale to the nanoscale is 
essential in order to gain a statistically robust interpretation of the processes at 
operation. The analytical workflow used within this study includes scanning electron 
microscopy (SEM), cathodoluminescence (CL), electron backscatter diffraction 
(EBSD), sensitive high-resolution ion micro probe (SHRIMP), focused ion bean 
based time-of-flight secondary ion mass spectrometry (FIB-ToF-SIMS), nanoscale 
secondary ion mass spectrometer (NanoSIMS), transmission electron microscopy 
(TEM) and APT. Examining the limitations of these techniques for shocked mineral 
studies can also provide a guide for future research. 
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Shock metamorphism 
Shock metamorphism is described as the conditions of rocks and minerals 
experienced by the extreme conditions of a hypervelocity impact event (Reimold and 
Gibson, 2009). The energy associated to a hypervelocity impact event propagates 
through the target area as a high pressure shock wave (Melosh, 1989). The high 
pressures, temperatures, strain and strain-rate associated with the hypervelocity 
impact event surpass the normal values of endogenic processes in Earth’s crust 
(Melosh, 1989; Langenhorst and Deutsch, 2012). These extreme conditions can 
vaporize, melt, deform, decompose or transform the target rocks and minerals 
(Langenhorst and Deutsch, 2012). Shocked mineral grains can provide valuable 
information about the impactor, impact event and the processes associated with the 
event (e.g. Wittmann et al., 2006; Cavosie et al., 2015; Reddy et al., 2015; Erickson 
et al., 2016; Timms et al., 2017; Montalvo et al., 2019; White et al., 2019). This 
information can assist the understanding of the formation and evolution of Earth, the 
planets and our solar system.  
 
Geological setting 
The suite of samples chosen for this research originates from the Stac Fada 
Member of the Stoer Group in Scotland, and it represents an ejecta deposit associated 
with a 1.18 Ga hypervelocity impact event (Branney and Brown, 2011; Parnell et al., 
2011). The Stac Fada Member consist of three facies, which are a massive suevite 
(impact breccia) at the base, a mixture of suevite and lapilli (pyroclastic rocks) and a 
topmost layer of dust pellets (Branney and Brown, 2011). The Stac Fada Member 
deposited on top of pre-lithified sediments that were saturated in water, degassing 
and forming vesicular zones in the ejecta deposit (Sanders and Johnston, 1989; 
Branney and Brown, 2011). Other than soft-sediment deformation, there is no 
evidence for metamorphic overprints or tectonic deformation after its emplacement 
(Stewart, 2002; Simms, 2015). 
 
Methodology 
From non-magnetic fractions of the three facies that were previously 
separated and concentrated by Reddy et al. (2015), 4048 grains were handpicked to 
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look for diagnostic features of shock metamorphism in zircon grains. These grains 
were placed on epoxy mounts, polished and coated with a ~3 nm layer of carbon. All 
the grains were imaged using secondary electrons (SE), backscattered electrons 
(BSE) and EBSD mapping from a Tescan MIRA3 field emission scanning electron 
microscope (FESEM) with a Nordlys Nano high resolution detector located at the 
John de Laeter Centre, Curtin University. 
Large area EBSD maps (Fig. 5.1) produced an effective visual means of 
identifying shocked grains. These large area maps (LAM) were acquired using 2, 2.5 
and 5 µm step size, for a duration of 2, 11.5, 14.5, 19 hrs. The LAMs were used to 
identify the minerals and evidence of shock deformation, such as planar fractures 
(PF), twins or the presence of reidite (ZrSiO4 high pressure polymorph). 
Once the zircon grains of interest were identified, they were characterised 
with SE, BSE, CL imaging, and higher resolution EBSD mapping. From the 4048 
handpicked grains, 25 zircon grains, including two reidite bearing zircon, were 
selected for SHRIMP U-Th-Pb geochronological study. A total of 64 analyses were 
conducted using SHRIMP II from Curtin University. These grains were selected to 
represent a collection of diverse complex structures (Suppl. Fig. 5.1). 
From the 25 zircon grains selected for SHRIMP analysis, 8 of those grains 
were analysed with FIB-ToF-SIMS to identify possible targeting areas for APT and 
TEM. The zircon grains selected for analysis included 4 reidite bearing grains and 4 
metamict grains to provide a variety of different textures seen in the sample suite. 
FIB-ToF-SIMS provided elemental and isotopic maps of the different regions within 
the analysed grains. This detector is housed in a Ga+ Tescan LYRA FIB SEM at 
Curtin University. Further chemical analysis on a reidite bearing zircon grain 
consisted of the used of NanoSIMS. The NanoSIMS investigation was conducted 
using a Cameca NanoSIMS 50L, housed in the Ion probe Facility at The University 
of Western Australia. The analytical parameters for FIB-ToF-SIMS and NanoSIMS 
are summarized in Table 5.1. 
Further chemical and structural analysis included a FEI Talos FS200X FEG 
TEM for the TEM analysis and a Cameca LEAP 4000X HR for the APT analysis. 
These instruments are housed within the John de Laeter Research Centre, at Curtin 
University. Both the TEM foils and the APT specimens were extracted using the 
Tescan LYRA FIB SEM. Two TEM foils (~12 µm) (Fig. 5.2) were produced from 
reidite bearing zircon grain 86. The process included a protection layer on top of the 
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regions of interest and subsequent milling to form the foils. Once extracted, the foils 
were attached to a copper half grid for thinning to near electron transparency (< 100 
nm). A final cleaning run was conducted at 2 kV. The TEM instrument worked at 
200 kV and produced several bright field (BF) and high-angle annular dark-field 
(HAADF) scanning transmission electron microscopy (STEM) images from the foils, 
as well as energy-dispersive X-ray spectroscopy (EDS) maps and electron diffraction 
patterns. The acquisition parameters of the TEM instrument are summarised in Table 
5.1.  
The manufacturing process for APT specimens involved adding a protection 
layer to the regions of interest, milling a wedge, attaching the wedges to a silicon 
post from a microtip carrier, sharpening the wedges to form needle-shape specimens 
with a tip of < 100 nm in diameter, and a final cleaning at low voltage (5 kV). The 
acquisition parameters of the APT instrument are summarised in Table 5.2 and were 
chosen with the goal of maximising the yield of the specimen. More details of these 
procedures are described in Montalvo et al. (2019) (chapter 4). A total of 45 APT 
specimens were manufactured from 4 zircon grains (zircon grains 001, 66, 86 and 
211) covering various textures (Fig. 5.2). These grains were chosen to represent the 
variety of textures seen across all grains. The APT specimens were labelled MX, 
where X indicated the number of the specimen (e.g. M6).  
To compare the APT number of successful analyses and the size of the 
datasets from Stac Fada, results from four APT specimens of a zircon grain from the 
Indian Ocean have been included. This grain, labelled the Indian Ocean zircon (IOZ), 
was studied at the commencement of this project to develop the techniques used with 
the APT to apply to all subsequent analyses. The IOZ was previously collected from 
an olive gabbro sample (Reddy et al., 2006). This sample originated from a drilled 
core of the “Atlantis II Fracture Zone” located in the Indian Ocean (32º43.392’S, 
57º15.960’E) (Reddy et al., 2006; Reddy et al., 2007). The IOZ grain is a ~11 Ma 
crystalline, low U and Th, zircon that only has evidence of crystal-plastic 
deformation (Reddy et al., 2006; Timms et al., 2006). 
The α-decay radiation dose (events/mg) was calculated for the zircon grains 
analysed with APT. The amount of radiation damage can provide information about 
the current crystallinity state of the grain. The calculation was based on Murakami et 
al. (1991) equation and the chemical analyses were populated from the SHRIMP 
data. 
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Table 5.1 Simplify instruments acquisition parameters (all but APT). 
AV=accelerating voltage; WD=working distance; BI=beam intensity; BC=beam 
current; ROI=region of interest; BF=bright field; HAADF= High-angle annular dark-
field 
  
 
Acquisition 
parameters 
Instrument Notes 
SE, BSE 
AV: 10 – 15 kV 
WD: 10 – 15 mm 
BI:14 
MIRA3 FESEM -- 
CL 
AV: 10 – 12 kV 
WD: 16 – 17mm 
BI:14  
MIRA3 FESEM Spectral range 185–850 nm 
EBSD 
AV: 20 kV 
WD: 20 mm 
BI:18 
70° tilt 
MIRA3 FESEM 
Step size (LAM): 2 – 5 µm 
Step size 500 – 200 nm 
Duration: 2 – 19 hrs 
ToF-SIMS 
AV: 20 kV 
WD: 9 mm 
BI: 10 
BC: 200 – 500 pA 
LYRA FIB-SEM 
Positive ion mode 
ROI: 20x20, 10x10, 8x8 µm 
Dwell time: 10-14 µs 
Frames: 100-100 
Duration: minutes 
NanoSIMS 
BC: 15, 50, 100 pA 
O- primary ion 
beam 
RF plasma source 
NanoSIMS 50L 
ROI: 20x20, 30x30, 50x50, 
100x100 µm 
Dwell time: 2.5 – 100ms/pixel 
Durartion:3 – 15 hrs 
SHRIMP 
BC: ~2.5 nA 
6 scans 
SHRIMP II 
Dwell time: 25 ns 
Standard: BR266 (zircon) 
TEM AV: 200 kV 
FS200X FEG 
TEM 
Super-X EDS detector 
BF and HAADF STEM images 
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Table 5.2 APT data acquisition parameters for all specimens. 
Grain zircon 001 
Specimen M12 M13 M14 M15 M16 M17 M18 M19 
Instrument Model LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
300 300 300 300 250 400 400 500 
Pulse frequency 
(kHz) 
200 250 200 200 250 200 200 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.007 0.007 0.007 0.007 0.02 0.007 0.005 0.007 
Nominal flight path 
(mm) 
382 
Set point temperature 
(K) 
50 50 50 50 50 60 70 70 
Sample temperature 
(K) 
57.3 57.4 57.3 57.3 57.2 69.1 80.7 80.7 
Chamber pressure  
(e-11 Torr) 
9.9 10 11 11 11 12 14 22 
Data Summary         
LAS Root version 15.41.342l 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 32 m 199146 67 m 88 m 77469 380357 4.6 m 685009 
% Single 71.9 79.6 75.9 72.9 89.5 74.3 73.7 58 
% Multiple 27.7 18.5 23.7 26.8 8 24.2 25.7 35.3 
% Partial 0.4 1.9 0.4 0.4 2.5 1.5 0.5 6.7 
Volt./bowl corr. peak 
(Da) 
16 16 16 16 1 16 16 27 
Mass Calib. 
(peaks/interp.) 
10/Lin 4/Lin 11/Lin 10/Lin 4/Lin 10/Lin 7/Lin 4/Lin 
*(M/ΔM) 1002.6 1031.4 1028.5 1014.3 557.1 1011.5 1010.5 755.5 
**(M/ΔM10) 157.6 213 195.4 195.9 72.4 169.7 194.9 136.7 
Time independent 
background (ppm/ns) 
18.06 120.86 23.39 23.46 270.14 28.67 30.87 64.26 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 5186 1980 6174 4258 4530 3745 4855 1224 
V final (V) 6637 4015 9608 9801 5725 4817 7474 2494 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = 
interpolation; Lin = linearization method; Avg. = average; F = Fractured; NF = not fractured  
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Grain zircon 001 zircon 66 
Specimen M20 M21 M22 M1 M2 M3 M4 M5 
Instrument Model LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
400 400 400 300 300 300 300 300 
Pulse frequency 
(kHz) 
250 250 250 250 200 200 250 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.02 0.007 0.005 0.007 0.005 0.005 0.007 
Nominal flight path 
(mm) 
382 
Set point temperature 
(K) 
70 70 70 60 60 60 60 60 
Sample temperature 
(K) 
80.7 80.7 80.7 68.5 65.6 65.7 65.5 65.5 
Chamber pressure  
(e-11 Torr) 
13 12 1.2 8.2 7.7 7.7 7.5 7.3 
Data Summary         
LAS Root version 15.41.342l 15.41.342j 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 8.9 m 239636 302004 96476 22 m 66156 578638 11 m 
% Single 74.5 82.7 78.1 63.8 71.2 30.8 64.5 68.6 
% Multiple 24.9 10.4 20.3 32.3 28.5 66.1 33.2 31 
% Partial 0.6 7 1.6 4 0.4 3.1 2.3 0.4 
Volt./bowl corr. peak 
(Da) 
16 28 16 28 16 14 12 16 
Mass Calib. 
(peaks/interp.) 
7/Lin 3/Lin 8/Lin 5/Lin 10/Lin 6/Lin 9/Lin 7/Lin 
*(M/ΔM) 994.7 968.4 989.8 809.4 1023 396 531.5 997.1 
**(M/ΔM10) 206.1 139.7 33.8 181.8 188.1 83 102.8 183.5 
Time independent 
background (ppm/ns) 
28.10 63.85 24.93 75.51 38.49 33.62 8.60 33.04 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 4700 1609 3972 1685 5410 1178 2926 4308 
V final (V) 7251 5133 4950 1685 8976 1811 4433 6672 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = 
interpolation; Lin = linearization method; Avg. = average; F = Fractured; NF = not fractured  
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Grain zircon 66 zircon 86 - reidite 
Specimen M6 M1 M2 M3 M4 M5 M6 M7 
Instrument Model LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
300 250 300 300 300 300 300 350 
Pulse frequency 
(kHz) 
125 200 250 125 200 125 100 250 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.008 0.005 0.007 0.007 0.007 0.005 0.004 
Nominal flight path 
(mm) 
382 
Set point temperature 
(K) 
60 50 70 50 50 50 50 50 
Sample temperature 
(K) 
65.4 54.7 77 54.7 54.7 54.7 54.7 54.7 
Chamber pressure  
(e-11 Torr) 
7.1 5.2 7.0 5.4 5.7 5.4 5.6 5.6 
Data Summary         
LAS Root version 15.41.342j 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 55182 14 m 1.5 m 150 m 13 m 6 m 109005 1.5 m 
% Single 89.7 67.7 74.4 73.8 71 69.8 40.2 57.9 
% Multiple 7.7 32 25 25.9 28.7 29.8 55.6 40.6 
% Partial 2.5 0.3 0.6 0.3 0.3 0.4 4.2 1.6 
Volt./bowl corr. peak 
(Da) 
1 16 16 16 16 16 14 28 
Mass Calib. 
(peaks/interp.) 
4/Lin 9/Lin 14/Lin 11/Lin 6/Lin 5/Lin 6/Lin 6/Lin 
*(M/ΔM) 525.8 1044.6 1025.6 1020.5 1044.8 1017 284.4 510.6 
**(M/ΔM10) 96.2 157.2 189.9 181.3 193.2 191.7 86.2 138.5 
Time independent 
background (ppm/ns) 
142.24 19.82 60.34 20.61 11.25 16.99 28.89 13.27 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 2343 5141 4887 4436 4735 3673 815 1858 
V final (V) 3331 6763 5692 9499 7383 6412 954 2642 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = 
interpolation; Lin = linearization method; Avg. = average; F = Fractured; NF = not fractured  
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Grain zircon 86 - reidite zircon 86 - core 
Specimen M8 M9 M1 M2 M5 M6 M7 M8 
Instrument Model LEAP 4000X HR 
Instrument Settings         
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
350 350 250 300 300 140 300 300 
Pulse frequency 
(kHz) 
200 125 200 250 250 200 250 250 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.006 0.007 0.006 0.005 0.006 0.006 0.005 0.006 
Nominal flight path 
(mm) 
382 
Set point temperature 
(K) 
50 50 60 60 60 60 60 60 
Sample temperature 
(K) 
54.6 54.6 65.5 65.5 65.4 67.1 65.4 66.7 
Chamber pressure  
(e-11 Torr) 
5.6 5.4 7.1 7.1 7.0 7.6 7.1 7.2 
Data Summary         
LAS Root version 15.41.342j 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 13 m 2.7 m 1.5 m 8 m 11 m 4 m 21 m 19 m 
% Single 73.2 70.6 63.9 72 70.4 62.7 74.5 73.9 
% Multiple 26.4 29 35.1 27.4 29.1 36.7 25 25.6 
% Partial 0.3 0.4 1 0.6 0.5 0.6 0.5 0.5 
Volt./bowl corr. peak 
(Da) 
16 16 16 16 16 16 16 16 
Mass Calib. 
(peaks/interp.) 
6/Lin 9/Lin 7/Lin 5/Lin 8/Lin 7/Lin 5/Lin 8/Lin 
*(M/ΔM) 1043.6 1032.6 466.3 1013.4 1023.2 950.9 1047.6 1033 
**(M/ΔM10) 195.2 191 23.1 170.7 173.9 168.9 190.2 178.4 
Time independent 
background (ppm/ns) 
28.21 16.28 17.9 39.14 46.18 29.66 62.10 59.00 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 5392 4805 3219 5508 5510 2685 5651 5575 
V final (V) 7333 6001 4437 6161 6959 5822 7952 7353 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = 
interpolation; Lin = linearization method; Avg. = average; F = Fractured; NF = not fractured  
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Grain zircon 86 - core zircon 211 
Specimen M9 M10 M12 M13 M14 M15 M16 M17 
Instrument Model LEAP 4000X HR 
Instrument 
Settings 
        
Laser wavelength 
(nm) 
355 
Laser pulse energy 
(pJ) 
300 300 250 400 400 400 600 400 
Pulse frequency 
(kHz) 
250 250 200 200 125 200 200 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.005 0.005 0.008 0.008 0.01 0.004 0.004 0.004 
Nominal flight path 
(mm) 
382 
Set point 
temperature (K) 
60 60 60 60 60 60 100 70 
Sample temperature 
(K) 
65.4 70.1 69.2 69.2 69.2 69.2 111.9 80.7 
Chamber pressure  
(e-11 Torr) 
8 8.6 15 15 15 15 15 14 
Data Summary         
LAS Root version 15.41.342j 15.41.342l 
CAMECAROOT 
version 
18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 17 m 5 m 430786 1.4 m 148319 581654 450420 1.6 m 
% Single 75.5 71 68.6 72.2 45.5 76.2 73.2 77.5 
% Multiple 24.1 28.4 30 26.9 52.3 22.4 24.9 21.2 
% Partial 0.4 0.6 1.4 0.8 2.3 1.4 1.8 1.3 
Volt./bowl corr. 
peak (Da) 
16 16 32 16 69 16 16 16 
Mass Calib. 
(peaks/interp.) 
10/Lin 11/Lin 12/Lin 9/Lin 6/Lin 10/Lin 8/Lin 10/Lin 
*(M/ΔM) 1052.6 1023.2 910.4 1018.1 519.9 974.5 982 1031.5 
**(M/ΔM10) 196.1 199.5 90.4 195.3 114.6 195.9 208.9 203.7 
Time independent 
background 
(ppm/ns) 
56.05 86.16 46.74 29.86 25.07 40.18 53.87 37.04 
Reconstruction         
Final specimen state F F F F F F F F 
Pre-/post-analysis 
imaging 
SEM 
Radius evolution 
model 
‘Voltage’ 
Field factor (k) 3.3 
Image compression 
factor 
1.65 
Assumed E-field 
(V/nm) 
32 
Detector efficiency 0.36 
Avg. atomic volume 
(nm3) 
0.01076 
V initial (V) 6298 5152 2448 3772 2761 3738 2998 3212 
V final (V) 8039 6534 455 5298 3008 10008 3104 5076 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction; Calib. = calibration; interp. = 
interpolation; Lin = linearization method; Avg. = average; F = Fractured; NF = not fractured  
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Grain zircon 211 
Specimen M18 M19 M20 M21 M22 
Instrument Model LEAP 4000X HR 
Instrument Settings      
Laser wavelength (nm) 355 
Laser pulse energy (pJ) 400 400 400 400 400 
Pulse frequency (kHz) 200 200 250 200 200 
Evaporation control Detection rate 
Targeted det. rate 
(ions/pulse) 
0.01 0.002 0.003 0.01 0.002 
Nominal flight path (mm) 382 
Set point temperature (K) 70 70 70 80 80 
Sample temperature (K) 80.7 80.7 80.7 90.9 91.9 
Chamber pressure (e-11 
Torr) 
14 16 16 26 22 
Data Summary      
LAS Root version 15.41.342l 
CAMECAROOT version 18.46.428 
Analysis Software IVAS 3.8.2 
Total Ions: 629397 376935 653951 157796 220440 
% Single 65.9 80.5 80.2 66.9 88.3 
% Multiple 31.7 17 18.1 29.6 7.8 
% Partial 2.4 2.5 1.7 3.5 3.8 
Volt./bowl corr. peak (Da) 69 16 16 14 32 
Mass Calib. (peaks/interp.) 11/Lin 9/Lin 9/Lin 7/Lin 6/Lin 
*(M/ΔM) 426.9 1088.5 1029.7 293 434.7 
**(M/ΔM10) 118.7 216.6 209.8 27.2 6.2 
Time independent 
background (ppm/ns) 
40.96 93.27 82.96 102.40 312.40 
Reconstruction      
Final specimen state F F F F F 
Pre-/post-analysis imaging SEM 
Radius evolution model ‘Voltage’ 
Field factor (k) 3.3 
Image compression factor 1.65 
Assumed E-field (V/nm) 32 
Detector efficiency 0.36 
Avg. atomic volume (nm3) 0.01076 
V initial (V) 2870 3141 3958 1042 3441 
V final (V) 2870 4273 8004 1097 4600 
*ΔM is full width at half maximum of the Volt./bowl corr. peak 
**ΔM10 is full width at tenth maximum of the Volt./bowl corr. peak 
m = million; det. = detection; Volt. = voltage; corr. = correction;  
Calib. = calibration; interp. = interpolation; Lin = linearization method; Avg. = 
average; F = Fractured; NF = not fractured  
 
Results 
Of the 4048 zircon grains picked, the majority presented evidence of shock 
metamorphism related structures including: fractures, fragmentation, or the presence 
of reidite. Although the single reliable indicator to confirm shock metamorphism in 
the sample suite is the presence of reidite (Fig. 5.3) (Leroux et al., 1999; Glass et al., 
2002), it is believed that the other grains experience similar extreme conditions based 
on the complex internal textures. From 4048, only 5 grains contained reidite for an 
abundance of 0.12% (5/4048). Three of these grains were found in the massive 
suevite unit with an abundance of 0.12% (3/2435), one in the suevite and lapilli mix 
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unit with an abundance of 0.12% (1/816), and one in the pellet unit with an 
abundance of 0.13% (1/797). Reidite was identified in the grains in the form of 
lamellae with up to 3 different orientations. EBSD maps of the zircon grains showed 
that most of the grains have a < 20° misorientation and the reidite lamellae have < 
90° misorientation (Fig. 5.4). 
The Tera-Wasserburg (207Pb/206Pb vs 238U/206Pb - SHRIMP) shows that most 
of the zircon grains are discordant and spread of spot analyses define an apparent 
field between the crystallization age and the age of the hypervelocity impact event 
(Fig. 5.5). An additional component of recent Pb-loss (or U-gain) was also identified 
in the Tera-Wasserburg diagram. The SHRIMP measurements indicate a wide range 
of uranium compositions, from 33 to 3199 ppm (Table 5.3) and a broad correlation 
between Pb-loss and U content (Fig. 5.5). The FIB-ToF-SIMS analysis conducted on 
the grains showed a higher concentration of Li, Al, Ca and Y in dark CL-bands at the 
core, fractures and around clasts within metamict regions. Reidite lamellae were also 
seen to be enriched in Al, Ca and Y inside and along interfaces (Fig. 5.6). From the 
NanoSIMS analysis of zircon grain 001, an enhancement of Mg, Al, Y, and Yb was 
also seen along the reidite lamellae, as well as a heterogeneous distribution of Y, Yb, 
U and Pb (although minor) in the grain (Fig. 5.7). 
The TEM analysis of zircon grain 86, showed three reidite lamellae in TEM 
foil 1 (Fig. 5.8a-b) and one reidite lamella in TEM foil 2 (Suppl. Fig. 5.2). 
Amorphous features were identified at the zircon–reidite interface (Fig. 5.8c-d) and 
nanocrystalline domains were seen within the reidite lamellae. These nanocrystalline 
domains were identified using HAADF STEM images and by obtaining the electron 
diffraction (ring pattern) of the area (Suppl. Fig. 5.3). 
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Table 5.3 U-Th-Pb isotopic data from SHRIMP. 
Spot 
204Pb 
/206Pb 
±% 
207Pb 
/206Pb 
±% 
208Pb 
/206Pb 
±% 
206Pb 
/238U 
±% 
% 
206Pbc 
U 
(ppm) 
Th 
(ppm) 
SF-214.2  5.2E-5 39 0.201 0.69 0.055 1.3 1.37 3.6 0.07 138 27 
SF-214.1  1.7E-4 33 0.186 1.12 0.166 1.8 1.31 5.1 0.24 57 33 
SF-211.1  1.6E-3 7 0.139 1.98 0.066 5.8 0.49 4.0 2.78 3199 42 
SF-202.7  5.1E-4 5 0.144 0.64 0.059 2.1 0.63 4.4 0.82 1825 274 
SF-202.6  7.5E-4 5 0.147 0.38 0.056 0.6 0.48 6.8 1.25 1762 188 
SF-202.5  9.7E-4 7 0.150 0.48 0.061 0.5 0.61 3.1 1.59 1664 166 
SF-202.4  1.1E-3 5 0.156 2.27 0.071 1.7 0.47 2.0 1.80 1567 149 
SF-202.3  1.2E-4 15 0.172 2.32 0.068 4.0 0.88 3.2 0.18 701 173 
SF-202.2  2.4E-3 7 0.197 2.99 0.408 2.2 0.92 4.3 3.31 135 163 
SF-202.2  2.9E-3 8 0.203 0.58 0.576 0.6 1.11 3.7 4.10 77 133 
SF-202.1  1.3E-3 16 0.192 0.81 0.386 1.0 0.81 2.1 1.85 136 164 
SF-202.1  5.7E-4 5 0.149 2.18 0.057 1.5 0.75 6.8 0.93 1360 176 
SF-164.5  6.4E-4 7 0.123 1.02 0.087 7.1 0.63 3.5 1.06 1356 303 
SF-164.4  1.4E-3 4 0.133 1.71 0.130 2.5 0.74 3.1 2.32 2149 567 
SF-164.3  1.4E-3 3 0.117 0.41 0.106 0.6 0.55 4.8 2.28 2182 432 
SF-164.2  7.8E-4 4 0.124 0.42 0.081 1.2 0.56 5.7 1.27 2010 399 
SF-164.1  5.8E-4 4 0.121 0.19 0.079 0.4 0.65 6.6 0.93 2126 451 
SF-129.2  7.7E-4 8 0.173 1.10 0.159 0.5 0.79 7.1 1.20 402 203 
SF-129.1  5.1E-4 9 0.161 0.32 0.151 1.3 0.70 6.3 0.81 451 372 
SF-122.1  2.5E-4 18 0.187 0.50 0.206 2.6 1.34 4.1 0.35 138 103 
SF-121.1  -3.6E-5 100 0.179 1.85 0.296 1.2 1.23 4.3 -- 33 35 
SF-109.1  2.4E-4 20 0.191 0.47 0.256 0.7 1.29 4.7 0.33 125 111 
SF-105.1  1.4E-4 20 0.192 0.56 0.152 1.7 1.28 2.5 0.20 265 132 
SF-100.1  1.9E-4 24 0.207 0.49 0.100 2.0 1.49 3.4 0.26 92 33 
SF-099.4  8.6E-4 6 0.129 0.61 0.046 0.9 0.44 3.8 1.43 1813 83 
SF-099.3  8.2E-4 7 0.112 0.90 0.048 1.0 0.42 2.0 1.38 1365 60 
SF-099.2  8.9E-4 5 0.110 0.30 0.041 3.1 0.65 4.4 1.46 1994 103 
SF-099.1  1.2E-3 7 0.104 0.44 0.051 1.0 0.40 1.9 2.03 1131 38 
SF-086.1  1.5E-4 16 0.182 0.59 0.131 0.9 0.90 4.2 0.23 466 215 
SF-083.2  2.4E-4 27 0.188 0.64 0.264 1.4 1.29 3.9 0.34 68 66 
SF-083.1  1.0E-3 5 0.152 0.91 0.109 0.5 0.64 4.9 1.67 1259 317 
SF-078.1  7.0E-5 35 0.111 0.57 0.146 0.8 0.80 3.6 0.11 224 110 
SF-074.1  2.3E-3 3 0.142 0.23 0.093 0.5 0.44 4.4 3.90 1955 74 
SF-066.5  7.9E-4 6 0.119 0.50 0.102 0.5 0.59 5.9 1.32 1106 315 
SF-066.4  9.3E-4 5 0.117 0.26 0.098 2.3 0.60 7.1 1.55 1378 328 
SF-066.3  7.8E-4 9 0.107 0.74 0.088 0.8 0.59 5.9 1.31 1283 270 
SF-066.2  8.1E-4 6 0.129 0.69 0.109 0.5 0.63 5.4 1.33 840 256 
SF-066.1  1.0E-3 5 0.135 0.42 0.126 1.5 0.65 5.8 1.65 937 328 
SF-062.2  9.7E-5 23 0.192 0.34 0.151 0.6 1.24 4.6 0.13 237 131 
SF-062.1  2.2E-4 19 0.190 0.39 0.215 0.6 1.12 3.9 0.31 201 169 
SF-036.1  2.4E-3 8 0.175 0.25 0.133 3.2 0.55 3.4 4.01 1327 311 
SF-186.6  6.1E-4 8 0.161 0.31 0.057 0.9 0.60 3.1 0.98 1096 113 
SF-186.5  4.4E-4 9 0.171 0.48 0.040 1.0 0.76 3.0 0.68 1029 102 
SF-186.4  2.6E-4 11 0.168 0.26 0.055 1.5 0.86 1.8 0.40 927 138 
SF-186.3  6.5E-4 12 0.152 0.51 0.055 1.3 0.55 3.8 1.07 1194 166 
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SF-186.2  1.8E-3 5 0.150 0.33 0.177 0.5 0.44 2.6 3.07 1408 561 
SF-186.1  1.1E-3 6 0.160 0.60 0.092 1.8 0.52 4.5 1.77 1296 286 
SF-018.2  3.6E-4 15 0.194 0.59 0.131 0.5 1.05 4.9 0.53 593 291 
SF-018.1  5.1E-4 7 0.167 0.64 0.101 0.8 0.91 3.2 0.79 723 217 
SF-015.2  3.3E-4 10 0.164 0.61 0.034 4.2 0.79 5.2 0.50 615 104 
SF-015.1  7.3E-5 22 0.185 0.45 0.042 0.8 1.33 4.2 0.10 461 66 
SF-009.1  2.3E-4 29 0.185 1.53 0.319 1.7 1.36 3.6 0.32 59 69 
SF-005.1  2.4E-4 11 0.175 0.25 0.033 2.2 0.76 4.8 0.38 767 67 
SF-004.5  5.9E-4 8 0.161 0.30 0.044 0.9 0.64 2.5 0.95 996 156 
SF-004.4  1.6E-4 14 0.178 0.24 0.024 3.3 1.03 4.0 0.23 639 121 
SF-004.4  6.8E-4 8 0.175 0.35 0.045 2.8 0.79 5.1 1.04 742 117 
SF-004.3  1.4E-3 9 0.137 0.63 0.091 3.5 0.54 5.0 2.31 1784 323 
SF-004.3  7.6E-4 8 0.123 0.75 0.081 2.2 0.57 5.6 1.26 1958 559 
SF-004.2  1.8E-3 5 0.132 1.54 0.124 5.4 0.60 6.1 3.01 1897 458 
SF-004.2  2.0E-3 14 0.154 0.77 0.130 4.0 0.56 5.0 3.25 1488 492 
SF-004.1  7.1E-4 6 0.158 0.73 0.055 1.3 0.82 4.1 1.10 1006 180 
SF-004.1  5.3E-4 8 0.136 0.46 0.031 1.9 0.59 3.5 0.90 968 39 
SF-001.3  1.9E-3 19 0.195 2.01 0.626 1.0 0.59 4.0 2.99 42 70 
SF-001.2  1.6E-3 13 0.194 2.20 0.638 2.5 0.65 6.0 2.58 85 147 
SF-001.1  1.2E-3 19 0.189 0.88 0.455 1.0 0.78 3.9 1.91 47 70 
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Spot 
4-corr 
206Pb* 
(ppm) 
232Th 
/238U 
±% 
238U 
/206Pb* 
±% 
207Pb* 
/206Pb* 
±% 
207Pb* 
/235U 
±% 
206Pb* 
/238U 
±% 
SF-214.2  65 0.20 0.55 1.8 1.6 0.201 0.70 15.1 1.7 0.55 1.6 
SF-214.1  26 0.60 0.55 1.9 1.5 0.183 1.20 13.2 1.9 0.52 1.5 
SF-211.1  512 0.014 2.1 5.4 5.2 0.117 2.8 3.0 5.9 0.186 5.2 
SF-202.7  414 0.155 2.0 3.8 2.3 0.137 0.7 5.0 2.5 0.264 2.3 
SF-202.6  331 0.110 1.0 4.6 3.5 0.138 0.5 4.1 3.6 0.219 3.5 
SF-202.5  345 0.103 0.2 4.1 1.7 0.137 0.8 4.6 1.9 0.241 1.7 
SF-202.4  274 0.098 3.7 4.9 3.2 0.142 2.6 4.0 4.1 0.203 3.2 
SF-202.3  253 0.256 3.0 2.4 1.5 0.171 2.3 9.9 2.8 0.420 1.5 
SF-202.2  58 1.244 2.1 2.0 4.0 0.167 3.9 11.4 5.5 0.496 4.0 
SF-202.2  30 1.77 0.34 2.2 1.4 0.167 1.98 10.4 2.4 0.45 1.4 
SF-202.1  52 1.248 1.4 2.2 1.8 0.176 1.8 10.8 2.5 0.445 1.8 
SF-202.1  302 0.13 1.81 3.9 3.4 0.141 2.33 5.0 4.1 0.26 3.4 
SF-164.5  273 0.231 4.1 4.3 2.5 0.114 1.2 3.7 2.8 0.234 2.5 
SF-164.4  485 0.272 0.5 3.8 2.3 0.113 2.2 4.1 3.2 0.262 2.3 
SF-164.3  409 0.204 1.5 4.6 2.4 0.098 0.8 2.9 2.6 0.218 2.4 
SF-164.2  419 0.205 1.7 4.1 3.6 0.113 0.6 3.8 3.6 0.242 3.6 
SF-164.1  506 0.219 0.8 3.6 3.2 0.113 0.4 4.3 3.2 0.277 3.2 
SF-129.2  111 0.52 1.04 3.1 2.2 0.163 1.28 7.2 2.6 0.32 2.2 
SF-129.1  111 0.85 0.49 3.5 2.8 0.155 0.52 6.1 2.8 0.29 2.8 
SF-122.1  60 0.77 1.86 2.0 2.2 0.184 0.59 12.8 2.3 0.50 2.2 
SF-121.1  14 1.09 0.61 2.0 1.8 0.179 1.86 12.2 2.6 0.50 1.8 
SF-109.1  55 0.92 0.88 1.9 1.2 0.188 0.57 13.4 1.3 0.51 1.2 
SF-105.1  106 0.51 0.65 2.2 1.7 0.190 0.59 12.2 1.8 0.46 1.7 
SF-100.1  43 0.36 0.52 1.9 2.2 0.205 0.56 15.2 2.2 0.54 2.2 
SF-099.4  325 0.047 2.5 4.8 3.3 0.117 0.9 3.4 3.5 0.209 3.3 
SF-099.3  216 0.045 0.4 5.4 1.5 0.100 1.3 2.5 2.0 0.184 1.5 
SF-099.2  407 0.053 3.2 4.2 2.1 0.097 0.8 3.2 2.2 0.238 2.1 
SF-099.1  160 0.035 1.3 6.1 3.8 0.087 1.5 2.0 4.1 0.165 3.8 
SF-086.1  144 0.48 0.21 2.8 3.4 0.180 0.62 9.0 3.4 0.36 3.4 
SF-083.2  29 1.00 1.16 2.0 1.4 0.185 0.79 12.8 1.6 0.50 1.4 
SF-083.1  255 0.26 1.05 4.2 2.6 0.139 1.11 4.5 2.8 0.24 2.6 
SF-078.1  60 0.51 0.30 3.2 2.2 0.110 0.65 4.7 2.3 0.31 2.2 
SF-074.1  241 0.04 1.62 7.0 2.0 0.112 0.90 2.2 2.2 0.14 2.0 
SF-066.5  203 0.29 1.77 4.7 1.8 0.108 0.80 3.2 2.0 0.21 1.8 
SF-066.4  246 0.25 0.73 4.8 2.2 0.105 0.69 3.0 2.3 0.21 2.2 
SF-066.3  216 0.22 1.02 5.1 1.5 0.096 1.33 2.6 2.0 0.20 1.5 
SF-066.2  169 0.32 0.55 4.3 1.9 0.118 0.96 3.8 2.1 0.23 1.9 
SF-066.1 191 0.36 1.29 4.2 1.8 0.121 0.74 4.0 2.0 0.24 1.8 
SF-062.2  104 0.57 0.28 2.0 2.1 0.191 0.37 13.4 2.2 0.51 2.1 
SF-062.1  79 0.87 0.42 2.2 1.7 0.187 0.49 11.8 1.8 0.46 1.7 
SF-036.1  205 0.24 1.43 5.6 1.5 0.144 1.77 3.6 2.3 0.18 1.5 
SF-186.6  245 0.107 1.2 3.8 2.7 0.153 0.5 5.5 2.8 0.261 2.7 
SF-186.5  288 0.103 0.4 3.1 2.0 0.165 0.6 7.4 2.1 0.325 2.0 
SF-186.4  275 0.154 1.1 2.9 1.5 0.164 0.4 7.8 1.6 0.345 1.5 
SF-186.3  242 0.143 0.8 4.2 2.8 0.144 0.9 4.7 2.9 0.236 2.8 
SF-186.2  226 0.412 0.2 5.4 1.9 0.126 1.0 3.3 2.2 0.187 1.9 
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SF-186.1  252 0.228 2.5 4.4 2.7 0.146 0.9 4.5 2.8 0.226 2.7 
SF-018.2  201 0.51 0.18 2.5 1.3 0.189 0.70 10.3 1.5 0.39 1.3 
SF-018.1  199 0.31 0.32 3.1 1.7 0.161 0.73 7.1 1.9 0.32 1.7 
SF-015.2  177 0.18 5.35 3.0 1.6 0.159 0.69 7.4 1.7 0.34 1.6 
SF-015.1  190 0.15 1.38 2.1 1.7 0.184 0.47 12.2 1.8 0.48 1.7 
SF-009.1  26 1.21 1.11 1.9 2.5 0.182 1.62 13.1 3.0 0.52 2.5 
SF-005.1  195 0.09 0.90 3.4 1.9 0.172 0.32 7.0 1.9 0.30 1.9 
SF-004.5  240 0.162 1.0 3.6 2.1 0.154 0.5 5.9 2.1 0.280 2.1 
SF-004.4  219 0.20 1.68 2.5 1.3 0.176 0.28 9.7 1.3 0.40 1.3 
SF-004.4  226 0.163 2.6 2.8 4.9 0.166 0.6 8.1 5.0 0.354 4.9 
SF-004.3  355 0.187 1.0 4.3 3.4 0.118 1.7 3.8 3.8 0.232 3.4 
SF-004.3  356 0.29 1.62 4.7 1.2 0.113 1.12 3.3 1.6 0.21 1.2 
SF-004.2  336 0.25 2.70 4.8 1.7 0.107 2.30 3.1 2.8 0.21 1.7 
SF-004.2  305 0.342 1.7 4.2 2.9 0.128 3.1 4.2 4.2 0.239 2.9 
SF-004.1  285 0.185 1.4 3.0 2.9 0.149 0.9 6.8 3.0 0.330 2.9 
SF-004.1  163 0.04 1.96 5.1 1.3 0.129 0.66 3.5 1.5 0.20 1.3 
SF-001.3  10 1.74 1.04 3.7 1.7 0.171 3.53 6.3 3.9 0.27 1.7 
SF-001.2  21 1.78 1.73 3.4 4.4 0.174 2.94 7.0 5.3 0.29 4.4 
SF-001.1  12 1.55 0.70 3.2 1.5 0.174 1.96 7.4 2.5 0.31 1.5 
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Spot 
err 
corr 
206Pb/238U 
Age 
207Pb/206Pb 
Age 
% 
discordant 
SF-214.2  0.91 2816 ±36 2831 ±11 +1 
SF-214.1  0.78 2700 ±33 2685 ±20 -1 
SF-211.1  0.88 1101 ±53 1911 ±51 +46 
SF-202.7  0.96 1512 ±32 2195 ±12 +35 
SF-202.6  0.99 1275 ±41 2197 ±9 +46 
SF-202.5  0.90 1393 ±22 2192 ±15 +40 
SF-202.4  0.78 1193 ±35 2253 ±45 +51 
SF-202.3  0.53 2261 ±28 2565 ±39 +14 
SF-202.2  0.72 2596 ±85 2529 ±65 -3 
SF-202.2  0.56 2411 ±27 2524 ±33 +5 
SF-202.1  0.72 2371 ±37 2616 ±29 +11 
SF-202.1  0.82 1480 ±45 2245 ±40 +38 
SF-164.5  0.90 1356 ±31 1864 ±22 +30 
SF-164.4  0.73 1502 ±31 1850 ±39 +21 
SF-164.3  0.95 1272 ±28 1582 ±15 +22 
SF-164.2  0.99 1399 ±45 1848 ±11 +27 
SF-164.1  0.99 1577 ±45 1853 ±7 +17 
SF-129.2  0.87 1801 ±35 2483 ±22 +31 
SF-129.1  0.98 1625 ±40 2400 ±9 +36 
SF-122.1  0.97 2623 ±47 2691 ±10 +3 
SF-121.1  0.70 2598 ±39 2644 ±31 +2 
SF-109.1  0.90 2677 ±26 2729 ±9 +2 
SF-105.1  0.94 2461 ±35 2742 ±10 +12 
SF-100.1  0.97 2785 ±49 2863 ±9 +3 
SF-099.4  0.96 1221 ±37 1913 ±17 +40 
SF-099.3  0.74 1091 ±15 1629 ±25 +36 
SF-099.2  0.94 1375 ±26 1574 ±14 +14 
SF-099.1  0.93 984 ±35 1361 ±28 +30 
SF-086.1  0.98 1984 ±58 2657 ±10 +29 
SF-083.2  0.88 2617 ±31 2697 ±13 +4 
SF-083.1  0.92 1364 ±32 2210 ±19 +42 
SF-078.1  0.96 1751 ±33 1795 ±12 +3 
SF-074.1  0.91 866 ±16 1824 ±16 +56 
SF-066.5  0.91 1250 ±20 1764 ±15 +32 
SF-066.4  0.96 1217 ±25 1707 ±13 +31 
SF-066.3  0.75 1154 ±16 1551 ±25 +28 
SF-066.2  0.89 1360 ±23 1931 ±17 +33 
SF-066.1  0.93 1373 ±23 1975 ±13 +34 
SF-062.2  0.99 2657 ±46 2750 ±6 +4 
SF-062.1  0.96 2435 ±35 2717 ±8 +12 
SF-036.1  0.65 1065 ±15 2278 ±31 +58 
SF-186.6  0.98 1494 ±36 2384 ±9 +42 
SF-186.5  0.96 1815 ±32 2508 ±10 +32 
SF-186.4  0.97 1910 ±25 2502 ±6 +27 
SF-186.3  0.95 1366 ±34 2273 ±16 +44 
SF-186.2  0.88 1104 ±20 2045 ±18 +50 
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SF-0186.1  0.95 1313 ±32 2295 ±15 +47 
SF-018.2  0.88 2144 ±23 2736 ±12 +25 
SF-018.1  0.92 1791 ±27 2464 ±12 +31 
SF-015.2  0.92 1867 ±26 2450 ±12 +27 
SF-015.1  0.96 2523 ±36 2692 ±8 +8 
SF-009.1  0.84 2699 ±55 2673 ±27 -1 
SF-005.1  0.99 1672 ±28 2575 ±5 +40 
SF-004.5  0.97 1592 ±29 2385 ±9 +37 
SF-004.4  0.98 2162 ±24 2617 ±5 +20 
SF-004.4  0.99 1954 ±83 2520 ±9 +26 
SF-004.3  0.90 1344 ±41 1930 ±30 +34 
SF-004.3  0.73 1238 ±13 1850 ±20 +36 
SF-004.2  0.59 1209 ±18 1756 ±42 +34 
SF-004.2  0.68 1381 ±36 2067 ±54 +37 
SF-004.1  0.96 1839 ±46 2332 ±15 +24 
SF-004.1  0.89 1156 ±14 2086 ±12 +49 
SF-001.3  0.43 1531 ±23 2568 ±59 +45 
SF-001.2  0.83 1643 ±63 2595 ±49 +41 
SF-001.1  0.62 1738 ±23 2598 ±33 +38 
Errors are 1-sigma; Pbc=common Pb; Pb*=radiogenic Pb 
 
Other features identified included quasi-periodic structures of dislocations in 
the interfacial domain (chapter 4), fractures and dislocations within the host zircon 
grain. TEM-EDS of foil 1 revealed trace element enhancement (Ca, Al, and Y) along 
the zircon–reidite interfaces, including the one with the quasi-periodic structure, and 
in the nanocrystalline domains within the reidite lamellae (Fig. 5.9). 
Microstructures identified within the Stac Fada APT specimens included 
zircon–reidite interfaces (chapter 4), low-angle boundaries within reidite (chapter 4) 
and dislocation loops enriched in trace elements (Fig. 5.10). The dislocation loops 
were identified within a specimen of the metamict area of zircon grain 66 (label M2). 
The loops have a toroidal shape, ~50 nm in diameter and they are enriched with Al, 
Ca, Y and U. No segregation of Pb or any other element was identified within the 
loops. In addition, a heterogeneous distribution of trace elements was seen in two 
specimens (M2 and M5) from the metamict area of zircon grain 66, including the 
specimen with the dislocation loops. Specimen M2 displayed a heterogenous 
distribution of Be, Mg and Mn (Fig. 5.11) with a region of low concentration of Be, 
Mg and Mn that is surrounded by two regions of higher concentration. In the one-
dimensional (1D) concentration profile of the APT specimen, Mn was identified as 
the element with the highest concentration. In contrast, the heterogenous distribution 
in M5 can be divided into two regions, one with a low concentration of Be, Ca, Al, 
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Mn, Fe, and Y (top of specimen) and the other with a high concentration of the trace 
elements (Fig. 5.12). In the 1D profile, the elements with the highest concentration 
are Mn, Ca and Al. 
From the chemical data, a relationship between U concentration, calculated 
radiation damage dose (α-decay dose) and the yield of the APT specimens is 
apparent (Fig. 5.13). The APT specimens from the crystalline regions of the reidite 
bearing zircon grains (001 and 86) provided the highest number of ions. In addition, 
these two grains had the lowest concentration of U (Uzircon 001 = 42–85 ppm, Ucore-
zircon 86 = 466 ppm) with respect to the other grains analysed with APT. Zircon 
grain 211, which had the highest concentration of U (3199 ppm) and the highest 
amount of radiation damage, produced APT specimens that yielded less than 2 
million ions (Table 5.2). Zircon 66 (U = 840–1378 ppm) produced 2 APT specimens 
that yielded > 1 million ions, whereas the other 4 specimens yielded < 1million ions. 
When comparing the yield of all 45 Stac Fada APT specimens, it was found 
that 46% of the samples yielded < 1 million ions, 20% produced 1–5 million ions, 
7% yielded 5–10 million ions, ~11% produced 10–15 million ions, 5% had 15–20 
million ions, and ~11% produced >20 million ions (Fig. 5.14). In other words, 89% 
of the total APT specimens yielded < 20 million ions, while only 11% yielded >20 
million ions. The specimens from the crystalline areas of the reidite bearing zircon 
grains were the ones that produced the highest number of ions. 
The APT specimens from the IOZ produced a high number of ions (> 80 
million ions). The acquisition process was stopped at 10 kV for all IOZ specimens. 
None of the specimens from the IOZ fractured. Major, minor and most trace 
elements showed a homogenous distribution in the APT specimens. The only 
variation identified was in the form of planes enriched in Y (Fig. 5.15). No other 
elements were identified to be enriched within the planes. 
 
Discussion 
Indian Ocean zircon - control sample 
The IOZ was included in this research as a control sample for comparison of 
APT yield. The IOZ has already been studied considerably with different techniques 
(Reddy et al., 2006; Reddy et al., 2007; Timms and Reddy, 2009). This grain was 
chosen because it is young (~11 Ma), with minor amount of radiation damage and 
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has undergone some degree of crystal-plastically deformation. Both samples (IOZ 
and Stac Fada) are deformed, although the Stac Fada grains experienced much higher 
strain deformation. The planes enriched in Y in the IOZ specimens correspond to 
low-angle boundaries that formed from the crystal-plastic deformation. Piazolo et al. 
(2016) and La Fontaine et al. (2017) found similar Y-enriched planes in zircon grains 
hosted in high-temperature metamorphism terranes. The high APT specimen yield 
from the IOZ indicate that grains subject to deformation can be suitable for APT 
analyses. 
 
Distribution of trace elements in Stac Fada 
The zircon grains from the Stac Fada suite show a variety of textures and 
shock related microstructures (e.g. reidite lamellae and fractures) (Suppl. Figs. 5.4-
5.5). Enrichment of trace elements within the zircon grains was identified as 
heterogenous distributions and segregations into microstructures. APT specimens 
from metamict regions in zircon grains (M2 and M5 from zircon 66) displayed a 
clear heterogenous distribution of trace elements (e.g. Be, Ca, Mg, Al, Mn, Fe and Y) 
(Figs. 5.11-5.12). The greatest difference in trace element concentration (e.g. Mn) 
from the different regions was seven to eight times that of the region with the lowest 
concentration. A similar distribution was seen in FIB-ToF-SIMS maps from other 
metamict zircon grains (Suppl. Figs. 5.6-5.9). These results suggest that areas 
affected by radiation lack a regular trace element distribution, which is indicative of 
enhanced element diffusion through metamict areas (e.g. Cherniak, 2010). 
In the Stac Fada samples, the identified microstructures enhanced in trace 
elements are dislocation loops, low-angle boundaries and zircon–reidite interfaces. 
The characterisation of the low-angle boundaries within reidite lamella and zircon–
reidite interfaces are explained in detail within chapter 4 (Montalvo et al., 2019) and 
only a brief summary is provided here for context. Using APT, low-angle boundaries 
enriched in substitutional and interstitial elements (Al, Ca, Mn, Be, Mg, Y and Ti) 
were identified. These boundaries were proposed to form at the recovery stage of the 
impact event (Reddy et al., 2016; Montalvo et al., 2019). During this stage, the strain 
energy on the grain causes defects and trace elements to migrate to low-energy areas, 
resulting in the formation of low-angle boundaries in the reidite and the host zircon 
grain (Reddy et al., 2016; Montalvo et al., 2019).  
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The trace element enrichment was identified at zircon-reidite interfaces using 
FIB-ToF-SIMS (Suppl. Figs. 5.10-5.11), TEM and APT. The interfacial domains are 
distinct from the zircon and the reidite, with one interface showing quasi-periodic 
structures (dislocation network) that formed during deformation (Montalvo et al., 
2019). During the growth of the reidite lamellae and the migration of the interphases, 
it is suggested that the moving boundary dragged and segregated trace elements, at 
the same time as local diffusion of trace elements along the interface. This resulted in 
different concentration of trace elements in the different interfaces. 
The ~50 nm wide dislocation loops are enriched in Al, Ca, Y and U, with no 
Pb segregation detected in the data set (Fig. 5.10). This research is understood to be 
one of the first reports of U segregation in dislocation loops observed from APT 
specimens. Previous studies conducted in deformed and metamict zircon grains 
attribute the U migration to the presence of high-diffusion pathways in the grains 
(e.g. amorphous/metamict areas, low-angle boundaries and high-angle boundaries) 
(Geisler et al., 2002; Timms et al., 2006; Piazolo et al., 2016). Dislocation loops have 
been seen in other zircon studies (Bursill and McLaren, 1966; Peterman et al., 2016; 
Peterman et al., 2019). The ~10 nm wide dislocation loops in Peterman et al. (2016) 
were enriched only in Y and Pb, whereas Bursill and McLaren (1966) recorded 
dislocation loops widths of 10–100 nm with no chemical information from the TEM 
study provided. Peterman et al. (2019) found dislocation loops of various sizes (10-
150 nm in diameter) that were enriched in Pb. In these studies, the proposed 
mechanism responsible for the formation of dislocation loops is believed to be the 
annealing of the radiation damaged areas during metamorphism, coupled with the 
migration of trace elements into them (Bursill and McLaren, 1966; Peterman et al., 
2016). Given that the concentrations of U and Th (Table 5.3) in the Stac Fada grains 
are high enough for the zircon grains to have been metamict prior to the 
hypervelocity impact event, it is possible for the dislocation loops to have been 
formed by the annealing of radiation damage that came immediately after the impact 
event. However, the lack of Pb within the loops is not well understood. A possible 
explanation is that the Pb diffused out of the grain through other defects. The 
likelihood of Pb diffusing out of the grain is supported by the fact that these grains 
experienced shock metamorphism, which created a high density of defects in the 
structure. 
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Geochronological analysis 
From the SHRIMP data of the zircon grains from Stac Fada, a crystallization 
age that ranges from 2.7 to 2.9 Ga was calculated (Fig. 5.5, Suppl. Fig. 5.12). These 
ages correlate with the age of the rocks from the Lewisian Complex basement in 
Scotland. The Concordia diagram also shows multiple events for either Pb-loss or U-
gain, one recent and another around 1 Ga. The ~1 Ga is interpreted to be the age of 
the hypervelocity impact event, which is recognised to be 1.18 Ga (Parnell et al., 
2011). However, the SHRIMP analyses could not directly date the impact event with 
concordant analyses at 1.18 Ga. 
One of the motivations of this research was to use APT to obtain the age of 
the impact event from the shocked zircon grains. This nanogeochronology approach 
was successful in other studies (e.g. Valley et al., 2014; Peterman et al., 2016; White 
et al., 2017; Fougerouse et al., 2019; White et al., 2019). Even though the 
microstructures are enriched in trace elements, no Pb signal above background could 
be quantified and no segregation of Pb was identified. Therefore, the calculation of 
the age of the hypervelocity impact event could not be resolved from the data 
obtained from this study. This shows that APT geochronology requires the presence 
of relatively high concentrations of radioactive and radiogenic elements and a high 
signal-to-noise ratio for effective quantification. 
 
Advantages and limitations of analytical techniques 
LAM EBSD mapping provided a convenient and effective way to search for 
specific signs of shock metamorphism (e.g. reidite) in a sample that contained around 
4,000 grains. Depending on the step size and the number of grains in a row, the 
acquisition time could last from 2 to 19 hrs. If the step size chosen was greater than 
the shock features, there was the possibility of overlooking the feature. The optimal 
conditions for detecting shock features is to minimize the number of grains in a row 
(to speed up the process) and have a small step size (≤ 2 µm). Technical advances 
(e.g. Symmetry EBSD detector) could provide faster acquisition time for LAM. 
Both the FIB-ToF-SIMS and NanoSIMS offer elemental and isotopic maps 
(Figs. 5.6-5.7). The data was used to provide the context for other analytical 
methods, in particular for the nanoscale analyses (TEM and APT) that have a much 
more restrained field of view. The larger scale maps were also used to identify target 
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areas for further analyses. Despite a spatial resolution of ~50 nm, the resolution of 
FIB-ToF-SIMS and NanoSIMS was not high enough for differentiating the trace 
element distributions in thin lamellae (~500 nm). When using these techniques, it 
was difficult to identify whether the distribution of trace elements occurred inside the 
reidite lamellae or along the zircon–reidite interface. Although, according to the 
instrument specification NanoSIMS is more sensitive to Pb and U using the O- 
primary source than FIB-ToF-SIMS, both techniques identified Pb within the 
sample. However, neither technique could quantify spatially the Pb/Pb or Pb/U 
composition of the zircon grains (Yang et al., 2012; Lyon et al., 2019) (see Fig. 5.7 
for NanoSIMS). The NanoSIMS instrument has multiple detectors that allow for 
seven ions to be detected, while the FIB-ToF-SIMS does not have an ion limit. In 
contrast, with the FIB-ToF-SIMS, Al, Ca and Y were identified in the reidite 
lamellae, while the NanoSIMS also identified Mg and Yb within the lamellae. 
Nevertheless, both techniques provided chemical information to determine the 
regions of interest for the following analyses. 
The SHRIMP was another essential technique for this research. It provided 
the geochemical and geochronological data needed to confirm the geological 
evolution of the Stac Fada grains (Parnell et al., 2011; Reddy et al., 2016). The 
geochemical data (radioactive element composition) and the crystallization age 
obtained were used to calculate the amount of radiation damage the zircon grains had 
endured. This information was used to find its correlation with the yield of the APT 
specimen. The limitations of this technique were related to the acquisition time and 
its spatial resolution (~25 µm). Just like the NanoSIMS, the SHRIMP data can take 
hours (up to days) to collect. In addition, the features of interest from these grains 
were reidite lamellae of < 5µm. When the SHRIMP was used to analyse a shocked 
zircon grain, the spot size of the technique covered several lamellae as well as the 
host zircon (Suppl. Fig. 5.13) resulting in a mix of ages. This restrained the 
possibility of obtaining geochronological data from the reidite lamellae. 
TEM was used for the nanoscale geochemical and structural analysis of 
reidite lamellae. This technique offered the necessary resolution to study the reidite 
lamellae, interfaces, microstructures, defects and crystallinity, as well as the trace 
element composition of the zircon grain (Fig. 5.8-5.9, Suppl. Fig. 5.2-5.3). The main 
limitation of this technique is that even though it can provide chemical information 
(EDS), it cannot offer the isotopic data. In addition, it has a detection limit of ~1-0.5 
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wt.%, meaning that trace elements below that concentration would not be detected. 
However, incorporating APT analysis with TEM studies can solve the problems of 
isotopic information and detection limit. 
The effectiveness of APT relies heavily on the specimen yield (number of 
ions per APT specimen). The yield of the specimen depends on several factors such 
as: sample preparation, acquisition parameters and sample integrity. For example, 
sample integrity includes the degree of crystallinity, grain boundaries, defects, 
porosity, interfaces, multiple phases, the amount of radiation damage and 
deformation of the grains. These can influence the yield of the specimen, i.e. the 
more damaged the grain is, the less likely it is to generate a high APT specimen 
yield. 
The preparation of the Stac Fada specimens was similar between the samples 
to produce stable specimens. The APT running conditions (e.g. laser pulse energy, 
pulse frequency, set point temperature, and detection rate) were chosen 
independently of each other (Table 5.2 and Suppl. Fig. 5.13) with the purpose of 
obtaining a high yield from the APT specimens. Unlike the previous two factors 
(sample preparation and running conditions), the integrity of the sample varied 
greatly between grains and target areas. 
From the results of the Stac Fada zircon grains, a link between sample 
integrity and the APT specimen yield is evident, especially with respect to 
crystallinity, amount of radiation damage and density of defects. The crystallinity of 
the zircon grains, which is related to the radiation damage (an outcome of the 
concentration of radioactive elements in the lattice with time), contributes to the 
yield of the APT specimens. The APT specimens derived from the crystalline areas 
of the zircon grains (zircon 001 and 86) produced the highest number of detected 
ions (Figs. 5.13-5.14). 
Likewise, the amount of radiation damage of the grains influenced the yield 
of the APT specimens. It was found that the higher the amount of radiation damage, 
the less likely the specimens would produce sufficient ions (e.g. zircon 211) to allow 
the chemistry of the specimen to be captured (Fig. 5.13). In contrast, the APT 
specimens from the IOZ produced a high number of ions, even though the grain was 
deformed. This indicates that deformation alone is not the sole cause of a low yield. 
The zircon grains from Stac Fada were under shock metamorphic conditions, 
which induced defects into the crystals (Reddy et al., 2015). Even though, at the 
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recovery phase, defects and trace elements migrated to low-energy areas (Reddy et 
al., 2016; Montalvo et al., 2019), it is possible that many defects remained in the 
crystal structure of the grains. The high-density of defects in the structure (e.g. 
dislocations and vacancies) could explain the recent Pb-loss (or U-gain) seen in the 
SHRIMP data (Fig. 5.5) and can also affect the yield of the APT specimens. In 
addition, the presence of interfaces, which is an intrinsic feature of shocked grains, 
can also contribute to the yield of the specimens due to premature fracturing of the 
specimen (Reddy et al., 2020). 
In summary, the degree of crystallinity, defects, amount of radiation damage 
of the grain and the presence of interfaces was found to have an impact on the yield 
of the APT specimens. In this study, the APT yield for each sample varied 
significantly and ranged from <1 million to 150 million ions (Fig. 5.14). However, 
the minimum number of ions to obtain the necessary chemical data for this study was 
~1.5 million ions. 
 
Conclusion 
Microstructures enriched in trace elements from Stac Fada zircon grains were 
analysed to understand the distribution of trace element associated to a hypervelocity 
impact event. Trace element segregation into dislocation loops and the heterogenous 
distributions seen in the grains was attributed to element diffusion through metamict 
areas and annealing of radiation damaged areas associated to the impact event. The 
segregation of trace elements into zircon–reidite interfaces was attributed to the 
migration of the growing interface while incorporating trace elements. Low-angle 
boundaries enriched in trace elements were formed from the migration of defects and 
trace elements into low-energy areas by the strain energy of the grain. 
The SHRIMP geochronological analysis provided a crystallization age for the 
zircon grains and an imprecise age for the hypervelocity impact event. It also showed 
evidence for recent Pb-loss or U-gain for the grains. Unfortunately, APT could not be 
used to obtain the age of the hypervelocity impact event that created the Stac Fada 
deposit due to the lack of Pb segregation in the APT specimens, which impedes the 
age calculation based on the Pb isotopes.  
Several techniques were combined in this research in order to understand the 
effect of shock metamorphism on the distribution of trace elements. This research 
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explored the limitations of each analytical technique and the suitability for this study. 
It was found that by combining the techniques and creating an appropriate workflow, 
the respective limitations of individual techniques were overcome. This research also 
demonstrates a correlation between the APT specimen yield and sample integrity, 
meaning the amount of radiation damage, crystallinity and defects in the analysed 
sample result in a lower APT yield. Obtaining an in-depth characterization of the 
sample prior to the APT analysis provides valuable information to help the 
researcher assess which analytical technique may be most appropriate and where to 
target for a higher APT specimen yield.  
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Figures 
 
Figure 5.1 Large area EBSD phase map of the Stac Fada samples (red = zircon, 
yellow = quartz, blue = reidite). The sample labels represent year, name of location 
and number of sample (e.g. 14SF01 = 2014, Stac Fada, sample 01). Samples 14SF01 
and 14SF02 come from the massive suevite unit, 14SF03 derives from the mixture of 
suevite and lapilli, and sample 14SF04 comes from the upper layer of dust pellets. 
The reidite bearing zircon grains are encircled in white and the scale bars represent 
1000 µm. 
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Figure 5.2 Band contrast (BC) EBSD maps of the shocked zircon grains 
examined for the APT and TEM analyses. The location of the APT specimens is 
highlighted in red and the location of the TEM foils are highlighted in yellow. The 
total number of APT specimens manufactured for each of the grains is located below 
the BC images. 
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Figure 5.3 Interior images of zircon grains with reidite lamellae, including BSE 
imaging, CL imaging and EBSD phase maps. Reidite lamellae are evident in CL and 
EBSD maps, although barely visible in BSE. Colours of the EBSD map indicate 
zircon in red and reidite in blue. 
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Figure 5.4 EBSD maps showing the misorientation of zircon grains (rainbow 
scale) with respect to a point of reference (red cross) and the misorientation of the 
reidite lamellae (fuchsia scale). The scale bar represents 25 µm. 
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Figure 5.5 A Tera-Wasserburg diagram showing a discordant trend and the 
concentration of U in ppm. The trend of the data set point to the age of the meteorite 
event (1180 Ma) (Parnell et al., 2011) and the age of Lewisian Complex basement 
(2.7 – 2.9 Ga) (Wheeler et al., 2010) where the zircon grains from Stac Fada are 
believed to derive from. The data also shows recent Pb-loss (or U-gain). The data for 
the four zircon grains (001, 66, 86 and 211) that were analysed with APT and TEM 
are shown by the black arrows. Dashed arrows indicate the ellipses of the grain are at 
the back of other ellipses. 
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Figure 5.6 CL images and ToF-SIMS isotopic maps of reidite bearing zircon 
grain 001 showing the distribution of 7Li, 27Al, 40Ca and 89Y in the grain. Notice the 
enrichment of 27Al, 40Ca and 89Y atoms along the reidite lamellae, and the trace 
element distribution in the different CL bands. 
 
Figure 5.7 NanoSIMS data from reidite bearing zircon 001. The top three images 
are mosaic images of 24Mg, 27Al and 174Yb. The bottom ones are 24Mg, 27Al, 89Y, 
174Yb, 238U and 206Pb detailed images of the grain with a 20 µm field of view from 
the area inside the white square. Although barely visible, a heterogenous distribution 
of 238U and 206Pb is present and follows the CL zoning (see Fig. 5.6). 
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Figure 5.8 (a) BF STEM image of TEM foil 1, showing three reidite lamellae 
(R1 – R3) and the location of the next detailed images. (b) BF STEM image of the 
three reidite lamellae and the amorphous feature next to R2. (c) BF STEM image of 
the lower part of R2 showing dislocations in the zircon grain. Notice the bend of the 
zircon host is illustrated by the dark curve. (d) Detailed BF STEM image of the 
amorphous feature and the interfacial domain with a quasi-periodic structure between 
R2 and zircon. 
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Figure 5.9 HAADF STEM image and TEM EDS maps of TEM foil 1. The 
HAADF image shows two reidite lamellae (R1 and R2), nanocrystalline (NC) 
domains, an amorphous feature (*) next to the interfacial domain with a quasi-
periodic structure and the zircon host grain. The EDS map of O (blue) shows no 
difference between the phases but it is missing in the amorphous feature. Si and Zr 
are absent in the amorphous feature and have a heterogeneous distribution within the 
reidite lamellae. Ca, Al and Y appear to be enhanced in the nanocrystalline domains 
and the zircon–reidite interfaces, especially the one with the quasi-periodic structure 
(right to the amorphous feature). Pb was not identified in the sample and the image 
represents the background noise. 
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Figure 5.10 Atom probe 3D reconstruction of specimen M2 from zircon 66 with 
dislocation loops (~50 nm wide). Each sphere in the reconstruction represents a 
single detected atom (Al = yellow, Ca = grey, Y = orange and U = blue). The two 
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images at the top left are the same but differ by a rotation with the purpose of 
providing a better view of the dislocation loops. A concentration isosurface of a 0.5% 
of Al, Ca, Y and U was created to highlight the microstructures seen in the specimen. 
The image at the top right is a 2D density plot of Al, Ca, Y and U highlighting the 
dislocation loops. The four images at the bottom are individual images of each atom 
showing the enhancement of the atoms in the dislocation loops. The scale bar 
represents 20 nm. 
 
Figure 5.11 Atom probe 3D reconstruction of specimen M2 from zircon 66 
showing a heterogeneous distribution of different trace elements. Each sphere in the 
reconstruction represents a single detected atom (Be = blue, Mg = red, Mn = green). 
The 1D concentration profile goes from the top left of the specimen to the bottom 
right (arrow) and it shows a region of low concentration of trace elements surrounded 
by two regions of a higher concentration. Notice that the Mn concentration from the 
higher concentration regions is ~8X of the low concentration region. 
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Figure 5.12 Atom probe 3D reconstruction of specimen M5 from zircon 66 
showing a heterogeneous distribution of trace elements. The spheres represent a 
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single detected atom (Be = purple, Ca = grey, Al = yellow, Mn = dark green, Fe = 
light green and Y = orange). The 1D concentration profile goes from the top of the 
specimen to the bottom (arrow) showing a region of low concentration of trace 
elements and another region with a higher concentration of those elements. The 
difference of Mn concentration between region is ~ 7X. 
 
Figure 5.13 Yield of the APT specimens from the four shocked zircon grains 
(green bars) and the Indian Ocean zircon (IOZ - yellow bars) for comparison. The 
APT specimens that came from metamict areas are highlighted in red, while the 
samples from crystalline domains are highlighted in blue. The concentration of U 
from the SHRIMP analysis and the calculated α-decay dose are included. The 
SHRIMP data for IOZ was taken from Reddy et al. (2006). The APT analysis on the 
specimens were conducted with a variety of acquisition parameters (Table 5.2). 
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Figure 5.14 Histogram showing the relationship of the frequency and percent of 
the APT specimens with the number of ions collected. The crystalline areas of the 
reidite bearing zircon grains yielded the highest number of ions. 
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Figure 5.15 Atom probe 3D reconstruction of the specimens from the IOZ. The 
homogenous distribution of the elements can be seen in Zr, Si, O, Ca, Y, Pb and U. 
Planes enriched in Y can be seen in specimens M13, M14 and M15. Scale bar 
represents 40 nm.  
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Supplementary Material 
 
Suppl. Figure 5.1 Examples of SEM images (SE and BSE) of the interior of 
zircon grains from Stac Fada. Notice the complex internal structures, fractures and 
subhedral to anhedral form of the grains. Scale bar represents 50 µm. 
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Suppl. Figure 5.2 TEM data of TEM foil 2 of the reidite bearing zircon grain 86. 
(a) BF STEM image of the foil where the protection Pt layer, a reidite lamella and 
the zircon host grain can be seen. (b-c) Detailed BF STEM images of the reidite 
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lamella. (d) Detailed BF STEM of the zircon–reidite interface with no quasi-periodic 
structure. (e) BF STEM image of the fractures in the zircon host grain. Notice parts 
of the fractures are filled (left one). (f) Detailed BF STEM image of the dislocations 
in the zircon phase. 
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Suppl. Figure 5.3 (a) BF STEM image of the TEM foil 1 containing three reidite 
lamellae (R1–R3) and the approximate location of the following images. (b-d) 
Detailed BF STEM images of the area in the dashed square in image (a). These 
images focused on the nanocrystalline (NC) domain identified within the reidite 
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lamellae R1. Notice the complexity of that structure and the effects it has on the 
zircon host. (e) BF STEM image with the location of the diffraction analysis. (f) 
Electron diffraction ring pattern of the nanocrystalline domain. 
 
Suppl. Figure 5.4 Detailed EBSD maps of three zircon grains with reidite 
lamellae (zircon 001, 3 and 86). Band contrast (BC) maps combined with phase and 
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inverse pole figure (IPF) show the form of the lamellae and the different orientations 
(different colours in IPF). Colours in the EBSD phase map indicate zircon = red and 
reidite = blue. Notice that zircon 001 has one orientation of reidite lamellae, zircon 3 
has two orientations, and zircon 86 has three different orientations of reidite 
lamellae. 
 
Suppl. Figure 5.5 EBSD maps with the misorientation of zircon grains (rainbow 
scale) and the misorientation of the reidite lamellae (fuchsia scale). The scale bar 
represents 25 µm. 
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Suppl. Figure 5.6 Band contrast (BC) EBSD map and ToF-SIMS isotopic maps 
of zircon 4 showing the distribution of 27Al, 40Ca and 89Y in the grain. The trace 
element enrichment occurs along fractures, zonation and clasts within metamict core. 
 
Suppl. Figure 5.7 Band contrast (BC) EBSD map and ToF-SIMS isotopic maps 
of zircon 66 displaying the distribution of 27Al and 89Y in the complex (metamict) 
core of the grain. 
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Suppl. Figure 5.8 Band contrast (BC) EBSD map and ToF-SIMS isotopic maps 
of zircon 202 showing the distribution of 7Li, 27Al, 40Ca and 89Y. 
 
Suppl. Figure 5.9 Band contrast (BC) EBSD map and ToF-SIMS isotopic maps 
of zircon 211 with the distribution of 7Li, 27Al, 40Ca and 89Y from three areas in the 
grains. Notice the enhancement through the fractures of the clasts. 
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Suppl. Figure 5.10 CL images and ToF-SIMS isotopic maps of reidite bearing 
zircon 2 showing the distribution of 7Li, 27Al, 40Ca and 89Y in the grain. 
 
Suppl. Figure 5.11 CL images and ToF-SIMS isotopic maps of reidite bearing 
zircon 3 showing the distribution of 27Al, 40Ca and 89Y. 
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Suppl. Figure 5.12 BSE, SE and CL images of various zircon grains with the 
location of the SHRIMP spot analyses, including reidite bearing zircon 001 and 
zircon 86. The scale bars represent 50 µm. 
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Suppl. Figure 5.13 APT yield of all the Stac Fada specimens with their respective 
acquisition parameters.  
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Chapter 6 CONCLUSION AND FUTURE RECOMMENDATIONS 
 
The primary goal of this project was to develop the use of APT in 
geochemistry and geochronological studies for complex zircon grains. This was 
achieved by analysing microscale grains that were previously difficult to study 
(chapter 2), complex altered zones in a zircon grain (chapter 3) and shocked 
deformation features of a few microns in a zircon grain (chapters 4 and 5). This 
project has already produced one published manuscript (Montalvo et al., 2019) with 
two more (chapters 2 and 3) nearing submission. These individual manuscripts will 
increase the number of published works on zircon grains using APT. What is more, 
these manuscripts will be some of the few works conducted on complex zircon grains 
using APT (e.g. Peterman et al., 2019). 
 
Distribution of trace elements in complex zircon grains 
This project has proved the capability of APT to provide nanoscale 
geochemical data of complex zircon grains. The distribution of trace elements was 
examined in all the individual case studies with different goals in mind. 
Micrometre size grains 
Micrometre scale zircon grains from the Bunburra Rockhole meteorite 
(chapter 2) had not been studied previously due to their size (< 15 µm). Targeting 
populations of zircon grains of the sample with APT, allowed the geochemical data 
of the grains to be extracted. The trace element composition of the zircon grains was 
used to verify the classification of the meteorite and understand more about the 
formation and evolutional history of the parent body. This study has established that 
APT can resolve the chemistry of micrometre scale zircon grains. This study 
highlights the broader applications of APT to other minerals that have not been 
analysed due to their size.  
Complex textures within a grain 
In the zircon from the Lalla Rookh Sandstone (chapter 3), the nanoscale 
composition of the various textures of the grain identified different concentrations of 
trace elements, allowing an understanding of the different processes that affected the 
grain. The combination of micro and nanoscale analyses provided the necessary 
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information to extract and reconstruct the evolutional history of this detrital zircon 
grain.  
The inclusions of uranium and fluid alteration elements observed in the 
nanoscale analysis, are associated to the defects derived from the metamictisation 
process. Radiogenic Pb in the grain migrated and segregated during a metamorphic 
event, creating nanoscale clusters enriched in Pb. The mechanism responsible for Pb 
clustering was found to be different than the ones previously known, suggesting 
another unknown mechanism. This study demonstrates the application of APT in 
obtaining the chemical information of complex features in a zircon grain, and how 
the APT data can be integrated with other techniques to understand the evolutional 
history of the grain.  
Structures in shocked zircon grains: Insights into phase transformation 
The distribution of trace elements in a suit of zircon grains altered by shock 
metamorphism varied (chapters 4 and 5). Heterogeneous distributions of trace 
elements were identified on highly radiation damaged zircon grains that is attributed 
to element diffusion through metamict areas. Nanostructures (dislocation loops, low-
angle boundaries and interfaces) enriched in trace elements were detected from 
grains containing reidite lamellae and from metamict grains. These structures were 
formed during or immediately after the hypervelocity impact event. The dislocation 
loops enriched in trace elements, including uranium, formed by the annealing of the 
metamict areas. This study has shown the effects shock metamorphism has on the 
distribution of trace elements in shocked zircon grains. In addition, the identification 
of these nanoscale structures led to the understanding of the formation mechanisms.  
The geochemical analysis of a shocked zircon grain containing reidite 
lamellae (chapter 4) revealed microstructures enriched in trace elements. A higher 
concentration of trace elements in low-angle boundaries within the reidite phase and 
in zircon–reidite interfaces indicates there was trace element mobility associated with 
the hypervelocity impact event. The trace element distribution in this shocked zircon 
grain provided the necessary information to propose a new model for the 
transformation of zircon to reidite lamellae during an impact event. This model 
comprises of a martensitic transformation and three additional short-range diffusional 
components. These components are the concentration of trace elements by the 
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migrating interface, a local diffusion through the migrating interface, and the coupled 
migration of trace elements and shock-induced defects. 
 
Geochronological application of APT in zircon 
The use of APT for geochronological studies in non-complex zircon has been 
demonstrated by Valley et al. (2014), Valley et al. (2015), Peterman et al. (2016), 
Blum et al. (2018). This project further develops the geochronological application of 
APT to complex zircon grains. 
An altered zircon grain with a complexity of textures was found to contain 
clusters within the crystalline domain, enriched in Pb (chapter 3). APT was used to 
determine the age of the Pb enriched clusters however, the use of APT also lead to 
the discovery of a new mechanism of Pb migration and segregation. The other zircon 
samples that were analysed in this project did not have microstructures enriched in 
Pb therefore, these zircon samples could not be dated using APT.  
To successfully use APT for geochronology on complex zircon grains an 
initial comprehensive, multi-technique study is needed. This would facilitate the 
identification of potential grains and areas within the grain for nanoscale 
geochronology. In this project it was found that suitable areas for APT 
geochronological analyses consist of crystalline or regions that are not heavily 
deformed. 
 
APT specimen yield 
For this project, a total of 99 APT specimens were manufactured, which 
covered zircon grains from the Stac Fada suite, Bunburra Rockhole meteorite, Lalla 
Rookh Sandstone and the Indian Ocean zircon (first used to learn the technique, then 
later incorporated in chapter 5 for comparison). A total of 1,938,202,199 atoms were 
collected from these specimens (Table 6.1), which corresponds to 492 hrs of data 
collection. From the 99 APT specimens, only 12 survived the APT run, with 87 
fracturing (88%). It is known that the stress on the APT specimens during the 
analysis can cause the specimens to fracture (Larson et al., 2013), which reduces the 
specimen yield. However, the samples in this project are not pristine grains, they are 
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complex zircon grains that are either small or extremely deformed, which also 
contributes to the fracturing of the APT specimens. 
As with any technique, APT is still developing in its application on 
geological materials. Hence, there are some limitations associated with the use of 
APT for geologic samples as discussed throughout this thesis. Although, the 
complications mentioned in chapters 3 and 5 are not the only ones that could occur 
during APT analysis, most of the problems that arose during this project were related 
to the sample integrity, making the study of complex zircon grains quite the 
challenge. Nevertheless, this project has shown the importance of a comprehensive 
characterization prior the use of APT to improve the probability of obtaining a high 
specimen yield. 
In order to assess the geochemistry of zircon grains, a minimum APT yield of 
~1.5 million ions was determined adequate for this study. Due to the complexity of 
the samples and the variability of deformation, the APT running conditions were 
adjusted individually to maximise the yield for each specimen (Table 6.1). It was not 
possible, nor within the scope of this study to determine an optimum set of APT 
acquisition parameters due to the variability of the samples and grain integrity. 
Crystalline samples or crystalline target areas tended to produce a higher yield, while 
heavily deformed or metamict zircon grains produced a low yield. The observed 
correlation between the sample integrity and the APT yield is discussed in chapters 3 
and 5. 
Commonly used APT parameters for zircon grains in this study are sample 
temperature of 81 K, laser pulse frequency of 200 kHz, a laser pulse energy of 300-
400 pJ, and a detection rate of 0.005 ions per pulse (Table 6.1). For highly deformed 
or metamict zircon grains, or target areas that contained boundaries or interfaces, the 
laser pulse energy and the sample temperature were increased and the detection rate 
were decreased to try to reduce the stress on the specimens due to the electric field 
(e.g. SF-211 M21: 91 K, 200 kHz, 400 pJ, 0.01 ions/pulse). Figure 6.1 plots the APT 
running conditions against sample yield to offer a comparison. However, due to the 
constant changing of parameters to suit the knowledge of the particular specimen, 
there is no apparent correlation. Further studies could be undertaken to investigate 
the optimum running conditions for APT on different sample types.  
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Table 6.1 APT acquisition parameters of all specimens analysed in this project 
Experiment 
ID 
Sample Specimen Total ions 
Sample 
temperature 
(K) 
Laser pulse 
frequency 
(kHz) 
Laser 
pulse 
energy 
(pJ) 
Detection 
rate 
(ions/pulse) 
1322 IOZ M12 19136863 69.2 200 300 0.006 
1323 IOZ M12 64213137 69.1 200 200 0.006 
1360 IOZ M13 87337267 57.3 250 300 0.01 
1362 IOZ M14 134756852 57.3 250 200 0.006 
1367 IOZ M15 102720790 57.3 250 175 0.01 
2843 BR-zrn5-CG M1 52791 80.7 200 400 0.005 
2844 BR-zrn5-CG M2 98801 80.7 200 400 0.005 
2845 BR-zrn5-CG M3 90880921 80.7 200 300 0.005 
2846 BR-zrn4-MG M4 22333907 80.7 250 300 0.005 
3020 BR-zrn4-MG M7 59014 80.6 250 300 0.005 
2962 BR-zrn4-MG M8 60702 80.7 250 400 0.005 
2949 BR-zrn4-MG M10 30836913 69.7 250 400 0.006 
2676 BR-zrn3-FGg M12 17712853 80.9 200 400 0.006 
2639 BR-zrn3-FGg M13 56695600 80.7 200 400 0.006 
2641 BR-zrn3-FGg M14 67988533 80.7 200 400 0.006 
2669 BR-zrn3-FGg M15 74364532 79.9 200 400 0.006 
2671 BR-zrn3-FGg M16 62340391 80.7 200 400 0.007 
2680 BR-zrn1-FGs M17 20043 92 200 400 0.01 
2678 BR-zrn1-FGs M18 34756655 91.9 200 400 0.005 
2637 BR-zrn2-FGs M19 50660266 80.7 200 400 0.005 
2636 BR-zrn2-FGs M20 52639 80.7 200 400 0.01 
2635 BR-zrn2-FGs M21 25579 69.2 200 400 0.01 
2634 BR-zrn2-FGs M22 758286 69.2 200 400 0.005 
1845 LR-D.C. M9* 87229 80.7 200 400 0.005 
1847 LR-D.C. M10* 3265096 69.2 200 400 0.005 
1849 LR-D.C. M11* 1512345 80.6 200 400 0.005 
2768 LR-D.C. M1 219398 57.3 250 300 0.01 
2769 LR-D.C. M2 776821 87.8 250 250 0.005 
2838 LR-D.C. M3 955951  250 250 0.004 
2841 LR-D.C. M4 257274 92 250 250 0.005 
1840 LR-int. D.C./L.C. M8* 194976 80.7 200 400 0.01 
1835 LR-L.C. M6* 2528123 80.7 250 400 0.005 
1839 LR-L.C. M7* 54820359 80.7 200 400 0.005 
2835 LR-L.C. M5 71628730 92 250 250 0.006 
2771 LR-L.C. M7 4199538 92 250 300 0.007 
2836 LR-L.C. M9 55153010 92 250 250 0.005 
2834 LR-L.C. M10 63191407 91.4 250 250 0.005 
2521 LR-L.C. M19 94000943 92 250 250 0.005 
2524 LR-L.C. M20 75729049 92 250 250 0.005 
1829 LR-L.R. M3* 6036702 57.3 200 400 0.008 
2483 LR-L.R. M12 2194723 80.7 200 400 0.005 
2495 LR-int. L.R./G.R. M16 756246 92 250 300 0.005 
1831 LR-G.R. M4* 24634803 80.7 200 400 0.005 
1833 LR-G.R. M5* 1234332 80.7 200 400 0.005 
2486 LR-G.R. M15 6404792 88.5 250 250 0.005 
2496 LR-G.R. M17 263060 92 250 250 0.01 
2522 LR-G.R. M18 2749171 92 250 250 0.005 
2484 LR-D.R. M13 1568505 80.7 200 400 0.005 
1823 LR-D.R. M1* 844755 56.5 250 300 0.01 
1827 LR-D.R. M2* 430287 57.3 200 250 0.005 
2561 LR-D.R. M21 223377 91.8 250 250 0.01 
2563 LR-D.R. M22 173871 92 250 250 0.008 
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Experiment 
ID 
Sample Specimen Total ions 
Sample 
temperature 
(K) 
Laser pulse 
frequency 
(kHz) 
Laser 
pulse 
energy 
(pJ) 
Detection 
rate 
(ions/pulse) 
334 SF-86 M1 14180705 54.7 200 250 0.008 
336 SF-86 M2 1458834 77 250 300 0.005 
340 SF-86 M3 150494431 54.7 125 300 0.007 
349 SF-86 M4 12827449 54.7 200 300 0.007 
351 SF-86 M5 6176074 54.7 125 300 0.007 
357 SF-86 M6 109005 54.7 100 300 0.005 
358 SF-86 M7 1536333 54.7 250 350 0.004 
360 SF-86 M8 13130596 54.6 200 350 0.006 
362 SF-86 M9 2704485 54.6 125 350 0.007 
690 SF-86core M1 1470469 65.5 200 250 0.006 
692 SF-86core M2 7990867 65.5 250 300 0.005 
696 SF-86core M5 11453322 65.4 250 300 0.006 
698 SF-86core M6 4242983 67.1 200 140 0.006 
694 SF-86core M7 20532905 65.4 250 300 0.005 
700 SF-86core M8 18723751 66.7 250 300 0.006 
833 SF-86core M9 16749314 65.4 250 300 0.005 
836 SF-86core M10 4526156 70.1 250 300 0.005 
1643 SF-001 M12 32127678 57.3 200 300 0.007 
1652 SF-001 M13 199146 57.4 250 300 0.007 
1654 SF-001 M14 67333613 57.3 200 300 0.007 
1657 SF-001 M15 88025409 57.3 200 300 0.007 
1661 SF-001 M16 77469 57.2 250 250 0.02 
1692 SF-001 M17 380357 69.1 200 400 0.007 
1696 SF-001 M18 4640756 80.7 200 400 0.005 
1694 SF-001 M19 685009 80.7 200 500 0.007 
1698 SF-001 M20 8930357 80.7 250 400 0.005 
1701 SF-001 M21 239636 80.7 250 400 0.02 
1702 SF-001 M22 302004 80.7 250 400 0.007 
912 SF-66 M1 96476 68.5 250 300 0.005 
910 SF-66 M2 21933309 65.6 200 300 0.007 
913 SF-66 M3 66156 65.7 200 300 0.005 
914 SF-66 M4 578638 65.5 250 300 0.005 
915 SF-66 M5 10839295 65.5 200 300 0.007 
917 SF-66 M6 55182 65.4 125 300 0.005 
2097 SF-211 M12 430786 69.2 200 250 0.008 
2098 SF-211 M13 1350543 69.2 200 400 0.008 
2099 SF-211 M14 148319 69.2 125 400 0.01 
2100 SF-211 M15 581654 69.2 200 400 0.004 
2101 SF-211 M16 450420 111.9 200 600 0.004 
2102 SF-211 M17 1592957 80.7 200 400 0.004 
2103 SF-211 M18 629397 80.7 200 400 0.01 
2107 SF-211 M19 376935 80.7 200 400 0.002 
2108 SF-211 M20 653951 80.7 250 400 0.003 
2109 SF-211 M21 157796 90.9 200 400 0.01 
2110 SF-211 M22 220440 91.9 200 400 0.002 
2850** BR-zrn4-MG M9 5377804 80.7 250 300 0.005 
2785** LLR-L.C. M8 3516216 92 250 300 0.006 
2485** LLR-G.R. M14 3998604 69.2 200 400 0.005 
IOZ = Indian Ocean zircon; BR = Bunburra Rockhole; zrn = zircon; LLR = Lalla Rookh; SF = Stac Fada; CG = 
coarse-grained domain; MG = medium-grained domain; FGs = fined-grained domain (subophitic); FGg = fined-
grained domain (granoblastic); D.C. = dark core; L.C. = light core; int. = interface; L.R. = light rim; G.R. = grey 
rim; D.R. = dark rim. 
** APT instrument encountered a noise problem that corrupted the data.  
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Future Recommendations 
One of the outcomes of this project is to understand the effects that sample 
integrity has to the APT specimen yield. This thesis shows that heavily deformed 
grains will produce a low yield, whether it be by metamictisation or deformation. 
Pristine crystalline grains will produce a higher number of ions from a specimen. 
This could partially explain the lack of published work of APT on complex grains. 
In the case of further analysis of complex grains using APT, it is highly 
recommended that an extensive characterization of the structure of the grain is 
conducted before analysing it at the nanoscale. This characterization is necessary to 
identify target areas with a greater likelihood of a high APT yield resulting in 
improved results using multiple analytical techniques. Another recommendation 
would be to use coating layers to protect the integrity of the sample. 
It is also recommended that during the microanalysis of the sample, the user 
choose multiple target areas and areas that contain a variety of microstructures 
(twining, zoning, interfaces, low-angle boundaries) (e.g. Piazolo et al., 2016; 
Fougerouse et al., 2019; Peterman et al., 2019; Taylor et al., 2019). This could 
increase the chances of obtaining a nanoscale structure enriched in trace elements 
(Pb for geochronology). 
On the other hand, there have been studies where targeting areas with no 
visible microstructure have resulted in nanoscale structures in the APT specimens 
with trace element enrichment (e.g. Valley et al., 2014; Piazolo et al., 2016; Reinhard 
et al., 2018). This indicates nanoscale structures are not always visible at the 
microscale. To overcome this, the user needs to plan a suitable workflow and choose 
appropriate target areas to their research interest. 
In summary, it will be useful for the user to conduct a thorough 
characterization of the sample prior to APT using a combination of analytical 
techniques depending on the focus of the research, identify several regions of interest 
within the analysed grain and, if possible, target microstructures, while avoiding 
defects. These suggestions will increase the chances for the user to get APT 
nanoscale data from their samples. 
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Figure 6.1 Plots showing the APT specimen yield and acquisition parameters 
(laser pulse anergy, laser pulse frequency, sample temperature and detection rate) 
from all the specimens in this project and from the specimens that yielded more than 
1.5 million ions. No clear correlation was found between the yield and the APT 
acquisition parameters. A higher resolution version of the figure of all the data sets 
can be found in Appendix B.  
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